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Islands foster unique biodiversity, yet also present biogeographic limitations that 
impose increased risk for population extinction through demographic and genetic 
constraints and decreased probability of surviving a catastrophe. Of particular interest, 
especially with regard to endangered species, is the genetic response of insular species to 
severe population declines or translocations. Both types of events, considered population 
bottlenecks, are expected to reduce genetic variation, and correspondingly, adaptive 
potential. For these reasons, it is important to understand how bottlenecks interact with 
insular population dynamics to affect genetic diversity. I used a combination of a 
laboratory model experiment and population genetics study of an in situ bottleneck in an 
endangered species to investigate how quantitative and molecular genetic variation are 
affected during bottlenecks. I used a laboratory animal model (red flour beetle, Tribolium 
castaneum) to compare how quantitative genetic variation is affected if a serial bottleneck 
 
occurs in a novel versus familiar environment. The experiment was designed to model a 
founder event or translocation to a new island with a novel environment. I found that 
phenotypic and additive variance for a quantitative trait were larger following a 
bottleneck occurring in the novel environment, suggesting that the novel environment 
could improve adaptive potential in bottlenecked populations. Next, I used molecular 
genetic markers to assess variation and signatures of selection in the Laysan finch 
(Telespiza cantans), a Hawaiian honeycreeper endemic to a small Northwestern 
Hawaiian island. Laysan finches experienced a major bottleneck on Laysan in the early 
20th century, followed by a translocation and series of founder events as populations were 
established on the islets of Pearl and Hermes Reef (PHR) in the 1960s – 70s. I found that, 
contrary to expectation, bottlenecked Laysan finch populations did not show declines in 
genetic variation and were not differentiated as a result of genetic drift. These results are 
potentially caused by insular demographic dynamics. I identified loci with extreme 
differentiation between modern populations, potentially indicating genomic signals of 
selection. These regions could be important for adaptation to the novel environment on 
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Demographic bottlenecks, or population reductions, can result in loss of genetic 
diversity and reduced fitness through both chance fixation of detrimental alleles and 
inbreeding depression as a result of reducing the number of breeding individuals in a 
population. Genetic diversity is reduced due to the effects of random sampling, or genetic 
drift, resulting in decreased opportunity for adaptation through natural selection. 
Bottlenecks affect not only molecular variation but also can impact phenotypic trait 
diversity, the additive, epistatic and dominance variation balance of specific traits, and 
adaptive or selection potential of the population (Mayr 1966, Nei et al. 1975, Goodnight 
1987, Bryant and Meffert 1988, Carson and Wisotzkey 1989). Loss of genetic diversity is 
especially important when considering the need to adapt to novel circumstances (Fisher 
1958), making bottlenecks a significant issue for conservation of endangered species 
(Bouzat 2010).  
Although theoretical and laboratory studies have been used to predict the genetic 
diversity outcomes of bottlenecks, study of naturally bottlenecked populations is 
important because of the complex ecological context in which natural bottlenecks occur 
(Keller et al. 2001). Environmental pressures may increase the effects of selection 
resulting in non-random survival of individuals, and factors such as dispersal and 
generation interval can affect the magnitude of genetic diversity lost (Nei et al. 1975). 
Therefore, the genetic effects of bottlenecks in natural populations may deviate from 




and Hell 1994). Because of the chance nature of loss of genetic variation in a bottleneck, 
the consequences will be unique for each population (Mayr 1966), depending on which 
alleles and haplotypes remain and their effects on the adaptive potential of the population. 
Changes in allele frequencies due to drift and inbreeding can alter epistasis and 
dominance interactions for affected traits (van Buskirk and Willi 2006). An additional 
consideration is whether the bottleneck takes place within the existing environment, as in 
a population crash, or involves a founder event to a new environment with different 
selective pressures. Because adaptation is likely to occur largely as a result of standing 
genetic variation (Barrett and Schluter 2008), it is critical to understand how standing 
variation is affected by bottlenecks. 
Bottleneck effects on genetic diversity have frequently been studied using neutral 
molecular markers such as allozymes, microsatellites and single nucleotide 
polymorphisms (SNPs) to determine how bottlenecks may contribute to population 
divergence or reduce adaptability. Diversity in neutral markers, measured as 
heterozygosity or allelic diversity, may be proportional to variation in quantitative trait 
loci (Falconer and Mackay 1996), which is strongly responsible for adaptability (Franklin 
1980, Frankham et al. 2002). Comparison between differentiation in neutral and 
quantitative or adaptive variation can also be used to determine whether selection or 
random processes such as drift have had a greater role in population differentiation. 
Multilocus heterozygosity measured with markers such as microsatellites has been shown 
to be correlated with fitness traits such as number of offspring produced (Charpentier et 
al. 2005), territory size and seasonal reproductive success (Seddon et al. 2004), as well as 




which were neutral in one environment or situation may become adaptive because of the 
effects of a bottleneck or translocation (Lande 1988). Additionally, when neutral markers 
are evenly dispersed throughout the genome, they can be used to detect selection or for 
genome-wide association studies (GWAS), helping researchers find genomic regions 
which are ecologically important. Such studies can be an important first step in 
understanding how adaptation takes place and how bottlenecks or founder events affect 
adaptive variation.  
Insular species are subject to a unique set of limitations that could interact with 
bottleneck effects to lead to different outcomes than for mainland species. In particular, 
islands typically support smaller population sizes (Pimm et al. 1988), which has 
implications for the magnitude of the effect of genetic drift and the effectiveness of 
natural selection (Frankham 1998). Since some of the most prominent genetic effects of 
bottlenecks are due to genetic drift- chance fixation of detrimental alleles and loss of 
genetic diversity- these effects could be exacerbated in an island population. Island 
populations are known to be at increased risk of extinction due to stochastic factors, both 
environmental and genetic (Steadman 2006, Jones and Merton 2012); the occurrence of a 
demographic bottleneck would likely increase risk from both types of factors. Perhaps 
paradoxically, islands are also home to adaptive radiations such as the Hawaiian 
honeycreepers (Amadon 1950), a testament to the magnitude of diversity that can come 
out of a very small founder group (Raikow 1977, Johnson et al. 1989) (and 
proportionately small pool of genetic variation). Understanding how genetic variation and 




understanding of evolutionary mechanisms on islands and will help guide conservation 
strategies for these species.  
Here, we investigate bottleneck effects on quantitative and molecular genetic 
variation of insular species using a combination of experimental and in situ bottleneck 
studies. An animal model is used to determine bottleneck effects on quantitative trait 
variation in serial bottlenecks with a novel environment (Callicrate et al. 2012). Using a 
laboratory model provides the opportunity for replication of the bottlenecked population 
and manipulation of the environmental conditions, and allows us to calculate how the 
additive genetic variance of a phenotypic trait is affected by the bottleneck. Using the red 
flour beetle (Tribolium castaneum) as a model allows for following specific populations 
or lines through many generations quickly (typically up to 13 generations per year) and 
inexpensively exploring the outcomes of various population demographics questions. In 
this model, pupae weight in replicate bottlenecked founder populations of beetles is 
measured to investigate the effects of the bottleneck on phenotypic mean and variance, 
and to determine how widely these effects vary between replicated source and founder 
populations. We model a sustained bottleneck with controlled population growth as might 
occur in an insular species and compare results for bottlenecks in a familiar and a novel 
environment. Genetic drift is measured as the variance among replicated populations 
established with individuals with the same initial degree of coancestry (Falconer and 
Mackay 1996). T. Callicrate participated in the experimental design and carried out all 
laboratory work, data analysis, and writing. 
The in situ bottleneck component uses genomic markers (Callicrate et al. 2014) to 




Laysan finch (Telespiza cantans). Genomic resources for Hawaiian honeycreepers, the 
adaptive radiation to which Laysan finches belong, were developed using whole-genome 
sequencing for one individual (Hawaii amakihi, Hemignathus virens) and reduced 
representation sequencing for six additional individuals of four species (palila Loxioides 
bailleui, Nihoa finch Telespiza ultima, apapane Himatione sanguinea, and iiwi Vestiaria 
coccinea). For development of honeycreeper genomic resources, T. Callicrate extracted 
DNA for whole genome sequencing, did all the laboratory work and data analysis for the 
reduced representation sequencing and honeycreeper SNP discovery, participated in 
analysis of the genome, and wrote the majority of the manuscript. The population of 
Laysan finches on Laysan Island, the only existing population known historically, 
experienced a very severe bottleneck in the late 19th century – early 20th century, 
followed by a series of translocations (founder events) when back-up populations were 
established on Pearl & Hermes Reef approximately 500 km away. Using museum 
specimens and modern samples, we compare genetic variation in Laysan finches through 
time and across the spread of translocated populations to identify bottleneck and founder 
event effects on genetic variation (Callicrate et al. n.d.). T. Callicrate participated in the 








Chapter 1  
Bottlenecks, Genetic Diversity, and Adaptive Potential 
 
Bottleneck effects on genetic diversity 
Genetic effects of bottlenecks have been well-examined through the use of 
computer or mathematical models and laboratory studies. Studies of free-living 
populations have resulted in support for many of the predictions. Comparison between 
modern and historical or ancient samples has been carried out for several species which 
experienced bottlenecks, for example black-footed ferrets (Wisely et al. 2002), 
Seychelles kestrels (Groombridge et al. 2009) and Mauritius kestrels (Nichols et al. 
2001). These studies have successfully compared genetic diversity between pre-
bottleneck and contemporary populations (with many finding a loss of variation post-
bottleneck) or differentiation between historical and/or modern subpoulations. Historical 
or ancient DNA samples have also been used to infer prehistoric bottlenecks (Paxinos et 
al. 2002, Campos et al. 2010) and to estimate historic effective population size (Nichols 
et al. 2001) or range (Shepherd and Lambert 2008). Generally, the rate of loss of genetic 
diversity will depend on the effective size of the bottlenecked population, the duration of 
the restriction (number of generations), mutation rate and the population growth rate. In 
addition, it has been shown that bottlenecks affect the various measures of genetic 
diversity differently.  
Average heterozygosity per locus is expected to decrease during a bottleneck 




on the bottleneck population size and population growth rate (Wright 1931, Chakraborty 
and Nei 1977, Maruyama and Fuerst 1985). Populations with a larger founder number 
should experience less overall loss of heterozygosity than those with fewer founders, 
unless they have a very low population growth rate, in which case a significant portion of 
original heterozygosity is still expected to be lost. Generally, populations with higher 
growth rates are expected to lose less of their original heterozygosity, even if they 
experience a severe bottleneck (Nei et al. 1975). The contemporary population of 
Mauritius kestrels (Falco punctatus), which has experienced a very severe (low founder 
number), sustained (low population growth) bottleneck, has 50% lower heterozygosity at 
microsatellite loci than the pre-bottleneck population (Groombridge et al. 2000). Once 
heterozygosity has been lost, it is predicted to take many generations for the original level 
to be attained, recovering more slowly than allelic diversity (Chakraborty and Nei 1977). 
However, random changes in allele frequencies (genetic drift) may result in increased 
heterozygosity following a bottleneck (Leberg 1992, Spencer et al. 2000). As the 
population increases after a bottleneck, new mutations are expected to result in increasing 
heterozygosity (Wright 1931). 
Allelic diversity, or average number of alleles per locus, is more sensitive to 
bottleneck effects because alleles are lost more rapidly than heterozygosity, with the 
magnitude of loss depending primarily on number of founders or bottleneck survivors 
(Nei et al. 1975, Leberg 1992, Keller et al. 2001). For example, three populations of 
northern quoll (Dasyurus hallucatus) translocated to islands as ‘insurance populations’ 
showed lower levels of allelic richness compared to their source populations on the 




expected to have distinctly different overall allele frequencies from their source and to 
exhibit a deficiency of alleles (and excess of heterozygotes) until the effects of mutation 
can increase diversity (Maruyama and Fuerst 1985, Hedrick 2005). Because of the 
accumulation of new mutations, allelic diversity is expected to increase as a population 
expands; during the growth phase, there may even appear to be an excess of alleles when 
compared to heterozygosity (Maruyama and Fuerst 1984). Loss of allelic diversity can be 
easy to see through multiallelic neutral markers (Amos and Harwood 1998), as in the 
case of the in the Galápagos hawk (Buteo glapagoensis). This species, comprising several 
small island populations, exhibits low allelic richness in minisatellite alleles, likely 
because the populations originated from a single founder event by a mainland hawk, 
followed by colonization of each island and random genetic drift (Bollmer et al. 2005).  
Populations founded by a small number of individuals may differentiate 
genetically and phenotypically from their source population (Lande 1976, 1980). Genetic 
distance between source and founder populations is expected to initially increase rapidly 
after a founder event occurs, with a more pronounced effect when the bottleneck 
population size (founder size) is smaller. When populations have small founder numbers, 
founder effects are expected to play a major role in any genetic differentiation that occurs 
because of the random inclusion of only a few genomes in the new population, a process 
known as genetic drift (Frankham et al. 2002). The bottleneck effect on genetic distance 
is also dependent on the average heterozygosity of the founding population, with a larger 
effect for populations with lower heterozygosity. However, once populations reach an 
equilibrium size and heterozygosity levels rise, the bottleneck effect on genetic distance 




In populations which have experienced sequential founder events, there may be an 
increase in genetic (Clegg et al. 2002a) and phenotypic (Bryant and Meffert 1996, Clegg 
et al. 2002b) differentiation as populations are separated by a greater number of founder 
events (in addition to a decrease in allelic diversity). Introduction of unrelated individuals 
and rotation of individuals between small, isolated populations may be implemented to 
help ensure that genetic variation is maintained between populations and that populations 
do not diverge to the point where they are no longer useful as mutual reserves (Frankham 
et al. 2002, Cardoso et al. 2009). Recently established small populations are at increased 
risk of extinction due to low initial genetic variation and lack of management strategies to 
maintain variation can exacerbate this risk (Frankham 2005, Bradshaw et al. 2007). 
Bottleneck effects on fitness 
Fitness can be affected by bottlenecks in several ways. Reduced genetic diversity 
may directly impact fitness, as in the case where the heterozygote has a selective 
advantage over homozygotes but heterozygosity of the population is lowered due to drift 
during a bottleneck (Amos and Balmford 2001). Reduced population size provides the 
opportunity for many detrimental alleles of small effect to become fixed by chance, 
decreasing mean population fitness. Additionally, inbreeding resulting from the 
population size reduction can exacerbate this effect by further increasing homozygosity 
(Hedrick and Kalinowski 2000). Reduced genetic variation lowers a population’s ability 
to respond to selective pressure (Falconer and Mackay 1996), and more highly inbred 
populations or individuals may be less likely to survive in harsh or extreme situations 




In populations with large historical sizes, there can be a substantial build-up of 
small-effect detrimental alleles and a decrease in population size may cause these to drift 
to higher frequencies with direct fitness consequences, and potentially even leading to 
extinction (Hedrick 2001, 2004). On the other hand, detrimental alleles with large or 
medium effects on fitness may be purged from bottlenecked populations through natural 
selection due to differential survival or reproductive fitness, potentially lessening the 
effects of inbreeding depression (Templeton and Read 1984). Environmental conditions 
which the population is experiencing also can alter the effect of inbreeding depression on 
survival and fitness (Bouzat 2010).  
Adaptive potential 
Low levels of genetic diversity provide reduced material upon which adaptive 
selection may act, increasing a population’s risk of extinction because of inadaptability 
(Fisher 1958, Frankham 2005). Reduced ability to respond to selection pressures has been 
demonstrated in laboratory experiments with Drosophila melanogaster in which 
populations undergoing more severe bottlenecks showed a more severely decreased 
response to artificial selection. The reduced selection response was likely related to low 
remaining levels of additive genetic variation (Swindell and Bouzat 2005). Phenotypic 
and quantitative traits are particularly susceptible to the random processes acting on the 
genome during a bottleneck event since such traits are affected by multiple loci and the 
disruption of genetic relationships brought about by a bottleneck can affect evolutionary 
potential (Bryant and Meffert 1988, 1990). The random nature of changes in allele 




bottlenecks could include both positive and negative consequences for additive genetic 
diversity, adaptive potential, and fitness. Changes in dominance and epistatic interactions 
brought about by drift may result in increased additive variance, but such changes may 
also disrupt advantageous locus interactions that have been developed through selection 
in the pre-bottleneck population (Carson and Wisotzkey 1989, Carson 1990, van Buskirk 
and Willi 2006).  
The adaptive potential of genetic variation is especially relevant when novel 
selective pressures are concerned, or when considering population growth subsequent to 
the bottleneck. Although variants which conferred a survival advantage in the original 
situation are unlikely to be lost from a population, even during a bottleneck, under new 
conditions, variants which had previously been neutral may become advantageous (Amos 
and Balmford 2001). Adaptation to novelty is critical for endangered species, which face 
survival challenges due to the effects of disease, introduced competitors, or new 
environmental conditions encountered because of translocation. Populations with greater 
genetic variation will have a better probability of surviving these novel obstacles 
(Hedrick 2001); those which have experienced extreme bottlenecks are less able to 
handle environmental challenges (Choiniere 2008). The importance of overall levels of 
variation can also be seen when taking population growth into account. When population 
size is small, as after a bottleneck, unless the selective advantage of a variant is very 
strong, drift is likely to have a larger impact than selection on the fate of the variant 
within the population. This renders many variants effectively neutral. However, as 
effective population size grows the effect of drift decreases and advantageous variants 




Adaptation following bottlenecks 
When environmental conditions after a bottleneck or founder event are drastically 
different, populations may begin to adapt to their new environments, provided that there 
is sufficient genetic variation upon which selection may act. The effect of selection is 
difficult to predict as it is contingent upon the specific situation (Barton and Mallet 
1996). Populations subject to selection may show divergence in phenotypic or 
quantitative traits beyond that which is likely to be caused by genetic drift. In a series of 
recent island colonizations by silvereyes (Zosterops lateralis), drift alone was not 
sufficient to explain morphological changes between populations on islands and their 
mainland sources. Directional selection was determined to be a major factor driving 
morphological divergence (Clegg et al. 2002b). Selection can have an appreciable effect 
when a founder population’s habitat is different from that of the source population, with 
environmental differences potentially causing significant genetic or phenotypic 
divergence between populations even if distance between them permits gene flow. For 
example, for two populations of blue tits (Cyanistes/Parus caeruleus ogliastrae) 
separated by 25 km on the island of Corsica, selection pressures due to their two different 
habitat types were such that the birds diverged with regard to onset of reproduction. This 
divergent selection was strong enough to outweigh the effects of gene flow and random 
factors even though there were no barriers to dispersal between the two habitats (Blondel 
et al. 1999). Environmental differences in the form of foraging niches can also be a factor 
driving differentiation despite gene flow. Two avian radiations, the Hawaiian 
honeycreepers and Darwin’s finches in the Galapagos, have developed morphological 




classic example of how environmental conditions have been demonstrated to have a 
selective effect on both beak shape and body size (Grant and Grant 2002). The black-
bellied African seedcracker (Pyrenestes ostrinus) is another case where there has been 
differentiation in beak morphology based on foraging niche, despite large amounts of 
interbreeding between three different beak morphs (Smith 1993).  
Comparison of differentiation in quantitative traits to differentiation in neutral 
genetic markers can be used to determine the relative importance of selection and random 
processes in phenotypic or quantitative divergence between populations. This approach 
was taken for a study of yellow dung fly (Scathophaga stercoraria) populations across 
Europe (Demont et al. 2008). The authors compared variation in two molecular markers, 
allozymes and microsatellites, to variation in quantitative traits relevant to an 
environmental gradient across the populations and found that populations were 
differentiated when assessed by their quantitative traits, but not by neutral molecular 
markers. This result was interpreted to indicate that selection was a stronger driving force 
in population differentiation than random processes.  
When compared to an appropriate null population genetics model, differences in 
allele frequencies between populations can be used to identify adaptive selection at 
specific loci or closely linked sites (Lewontin and Krakauer 1973). However, it is 
difficult to discriminate between differences which are due to random factors such as 
drift and differences which are actually due to selection. A measure such as FST can be 
used for such comparisons (Beaumont and Balding 2004). The distribution of FST values 
under neutral processes can be modeled so that there is a comparison point for observed 




locus and favors a certain allele in one population over the others, FST will be higher than 
expected, whereas if the heterozygote is favored, FST will be lower than expected 
(Bowcock et al. 1991)(Bowcock et al. 1991). The ability to detect selection is dependent 
upon the selection coefficient, sample size, population size, and demographic parameters 
(Oleksyk et al. 2010). For example, fluctuations in population size may inflate variation 
in FST, leading to detection of false positives for selection. Therefore, it is useful for a 
model to incorporate the evolutionary history of populations, if it is known (Bowcock et 
al. 1991, Narum and Hess 2011). Methods using Bayesian regression and summary 
statistics are reliable for detecting modeled loci undergoing positive selection, although 
balancing selection is more difficult to detect (Beaumont and Balding 2004, Foll and 
Gaggiotti 2008). Finding genomic regions which have recently been subject to selection  
could be a first step in investigating how genotype underlies phenotypic traits important 
for adaptation to a novel environment (Brumfield et al. 2003, Luikart et al. 2003, Morin 









Chapter 2  
Exposure to a novel environment in conjunction with serial bottlenecks 
increases phenotypic and additive variation of a quantitative trait 
 
Abstract 
Demographic bottlenecks were replicated in laboratory conditions using 
Tribolium castaneum in order to determine how additive genetic variance, and therefore 
adaptive potential, may be affected by a novel environment. A two-level bottleneck was 
imposed. The first level was a 100-individual bottleneck (five replicates). After three 
generations at population size 100, the second bottleneck consisted of a single mating 
pair (15 sub-replicates stemming from each first level replicate). Two growth media 
(environments), standard (wheat flour) or novel (wheat bran), were used in the sub-
replicates to simulate translocation to an environment with a different foraging substrate. 
Sub-replicates were managed for slow population growth during six generations to 
population size 50 and were thus maintained for nine additional generations.  
Variance in pupa weight in generation 16 was affected by drift from the first and 
second level bottlenecks (flour: N=382, bran: N=470 pupae, both P<0.0001 at each 
bottleneck level). Total phenotypic variance was determined from the progeny of the 
single pair matings and was larger for bottlenecks occurring in bran than in flour, P<0.01  
(F469,381 = 1.29). Additive variance was also larger in bran than flour bottlenecks, P<0.01 
(F469,381 = 1.38). These results indicate that bottlenecks occurring in a novel environment 






Reduced additive variation limits a population’s ability to respond to selection 
and is therefore of great concern for conservation biologists (Lande 1988, Willi et al. 
2006). The ability to adapt is highly relevant for endangered species facing threats of 
disease, changing climate and environmental degradation. These species are also likely to 
experience translocation, which may involve environmental changes such as novel food 
resources, requiring further adaptation. Understanding how the demographic challenges 
faced by endangered species affect their additive variation will help predict their potential 
to adapt and evolve and guide conservation decisions (Frankham 1999). 
Endangered species have experienced demographic bottlenecks, or severe 
population declines, followed by recovery to a larger population size. Some species or 
populations also have experienced founder events when several individuals are 
translocated or taken into captivity; such founder events are effectively demographic 
bottlenecks. Theory predicts that severe bottlenecks will reduce additive variance within 
populations in proportion to the inbreeding generated by the bottleneck (Wright 1951, 
Crow and Kimura 1970), which is dependent upon the magnitude of the bottleneck and 
the population’s growth rate (Nei et al. 1975). Reduced additive variance following 
bottlenecks has been supported by some laboratory experiments (Saccheri et al. 2001, 
Franklin and Siewerdt 2011), especially for non life-history traits such as color or 
behavior (reviewed in van Buskirk and Willi, 2006), while other studies have found that 
additive variance does not decrease as much as expected or even increases (Bryant et al. 
1986, Lopez-Fanjul and Villaverde 1989, Wade et al. 1996, Cheverud et al. 1999). 




demonstrated (Wade et al. 1996, Reed et al. 2003, Swindell and Bouzat 2005), as has 
reduced heritability (Franklin and Siewerdt, 2011), which would lead to reduced ability to 
respond to selection. From the mixed results of these studies, it is clear that the effect of 
bottlenecks on quantitative variation and adaptive potential is situation-specific and 
depends on many factors, potentially including genetic architecture of the trait in question 
(Barton et al. 2004), level of inbreeding generated (Cheverud et al. 1999), bottleneck size 
(Swindell and Bouzat, 2005), and duration (Wade et al. 1996).  
Demographic bottlenecks were replicated in laboratory conditions using 
Tribolium castaneum in order to determine how additive genetic variance, and therefore 
adaptive potential, may be affected by a novel environment. A two-level bottleneck was 
imposed. The first level was a 100-individual bottleneck (five replicates). After three 
generations at population size 100, the second bottleneck consisted of a single mating 
pair (15 sub-replicates stemming from each first level replicate). Two growth media 
(environments), standard (wheat flour) or novel (wheat bran), were used in the sub-
replicates to simulate translocation to an environment with a different foraging substrate. 
Sub-replicates were managed for slow population growth during six generations to 
population size 50 and were thus maintained for nine additional generations.  
Variance in pupa weight in generation 16 was affected by drift from the first and 
second level bottlenecks (flour: N=382, bran: N=470 pupae, both P<0.0001 at each 
bottleneck level). Total phenotypic variance was determined from the progeny of the 
single pair matings and was larger for bottlenecks occurring in bran than in flour, P<0.01  




(F469,381 = 1.38). These results indicate that bottlenecks occurring in a novel environment 
could potentially increase the effectiveness of selection by bolstering additive variance. 
Materials and Methods 
Throughout the study, all beetles were housed in a walk-in incubator kept at 
temperature 33 ± 1 °C and humidity of 70 ± 2%. 
For the first level bottleneck beetles from four distinct, reproductively isolated 
populations were combined in equal proportions to create five replicate populations of 
100 individuals (Figure 2-1). These populations were housed in canning jars containing 
three tablespoons of a medium composed of all-purpose flour (General Mills, MN, USA) 
mixed with 5% brewer’s yeast (Twinlab, MI, USA) by weight. After four weeks, 100 F1 
pupae from each population were selected at random and placed in a new jar. This step 
was repeated to place generations F2 and F3.  
Randomly selected progeny of each F3 first level replicate were used to place 
second level bottleneck replicates. An additional 20 female, 20 male, and 75 straight run 
pupae were collected from the F3 progeny of each first level replicate. Each group 
(females, males or straight run) was housed in a small glass jar (three jars per first level 
replicate) and those individuals were used as migrants into second level bottleneck 
populations at generation 3. First level replicates were maintained at population size 100 






From each first level replicate, 15 second level bottleneck replicates were placed 
(Figure 2-1): ten in flour medium and five in bran (Bob’s Red Mill, OR, USA) with 5% 
brewer’s yeast by weight (bran medium), for a total of 75 second level replicates in the 
study. All second level replicates were housed in small glass jars with one teaspoon of 
medium (flour or bran). Each second level replicate started with a founding pair 
consisting of one male and one female pupa from the associated first level replicate. This 
was considered second level generation 1 (G1). New generations were placed every four 
weeks. However, as the experiment progressed, development of bran replicates began to 
lag behind flour replicates. Therefore, G15 flour replicates were placed 28 days after 
G14, while G15 bran replicates were placed 30 days after G14.  
From each Level 1 replicate, five bran and 
ten flour Level 2 replicates are placed. 
From each bran Level 2 
replicate, six bran 
single pair matings are 
placed. From each flour Level 2 
replicate, three flour 
single pair matings are 
Level 1: 5 replicates 
Single Pair Matings: 150 each bran & flour 
Level 2: 25 bran & 50 flour 




The placement scheme was designed to mimic gradual population growth with 
new recruits only joining the breeding population after they reached a mature age. At the 
end of every generation, the next generation was placed using surviving adults first, then 
pupae if necessary to achieve the desired population size. Population growth was kept to 
a rate of one recruit per adult per generation (i.e., the number of recruits collected at the 
end of a given generation was the adult population size at that generation). Pupae were 
randomly chosen at the end of each generation to be recruits to their population and were 
kept in individual jars in either flour or bran medium for one generation before being 
added into their population with the placement of the next generation. Starting in G4, in 
some cases there were not enough pupa and larva to provide the correct number of 
recruits. When that situation occurred, all of the available pupa and larva were collected. 
Once the population reached the desired stable population size of 50 individuals 
(including adults and juveniles), collection of new recruits stopped and placement of each 
subsequent generation used adults first and pupae as necessary to achieve a population 
size of 50. Populations were kept at this size for nine generations to increase the 
relevance of the results to captive and translocated populations, which are often limited to 
a small size after a bottleneck event. When placing a new generation, if there were not 
enough individuals to achieve the target population size in a given replicate, that replicate 
would be placed using all available individuals. 
Generations G1 and G2 were combined into one placement cycle because, 
according to the placement scheme, at the end of G1 only the two original second level 
adults would be placed for G2, and two pupae would be collected to join the population 




the first two generations, the same effect was achieved by placing the two original adults, 
plus two pupae (recruits from G1) as G3, while keeping two additional pupae (progeny of 
G2) to add as recruits during G4. At the placement of G3, migrants were added from the 
three groups of pupae collected from the progeny of first level F3. One male, one female 
and four straight run were added to each second level replicate from the groups collected 
from the associated first level replicate. Population size at each generation and details of 
each generation’s placement can be found in Table 2-1. 
 
Table 2-1. Placement criteria for each generation. 
 
 
1.  Generations 1 & 2 
a.  For each source population’s replicates 
i.   Add 1 male, 1 female to each of 10 flour replicates  
ii.  Add 1 male, 1 female to each of 5 bran replicates 
b.  For each source population also collect pupae to represent 6 
immigrants to add during generation 3 
c.   Adult population = 2; total population = 6 
2.  Generation 3 
a.  Into each replicate add 
i.   2 adults from previous generation 
ii.   2 pupae from previous generation’s offspring, representing 
offspring of generation 1 
iii.  Add 6 random immigrants collected from source populations 
during previous generation (1 male, 1 female, 4 straight run) 
b.  Collect 2 pupae to be added when generation 4 is placed  
c.   Adult population = 10; total population = 12 
3.  Generation 4 
a.  Into each replicate add 
i.   10 adults from previous generation 
ii.   2 individuals collected when generation 3 was placed  
b.  Collect 10 pupae to be added when generation 5 is placed 
c.   Adult population = 12; total population = 22 
4.  Generation 5 
a.  Into each replicate add 
i.   12 adults from previous generation 




b.  Collect 12 pupae to be added when generation 6 is placed 
c.   Adult population = 22; total population = 34 
5.  Generation 6 
a.  Into each replicate add 
i.   22 adults from previous generation 
ii.   12 individuals collected when generation 5 was placed  
iii.   16 pupae from previous generation 
b.  Total population = 50 
6.  Generations 7 to 15 
a.  Into each replicate add 50 adults  
b.  Total population = 50 
 
After nine generations of stable population size, progeny of G15 were used to set 
up single pair matings (SPM, Figure 2-1). For each flour medium replicate, three single 
pair replicates were placed in flour; for each bran replicate, six single pair replicates were 
placed in bran. If there were not enough pupae available from a given replicate to place 
the desired number of single pair matings, the maximum possible number were placed. 
Flour SPM were placed 28 days after G15 was placed and bran SPM were placed 30 days 
after G15 was placed. 
Pupae weights were taken at the initial placement of second level bottleneck 
replicates (both pupae per replicate), at the end of the population growth phase (five G6 
pupae per replicate) and at the end of the experiment (five G15 pupae per replicate). Four 
pupae chosen randomly from each single pair mating were also weighed, 28 days after 
the placement of SPM for flour and 30 days after for bran. If there were less than the 
desired number of pupae for a given replicate, all available pupae were weighed. If no 
pupae were present, a missing value was recorded for that replicate. Weights were 




Mean pupae weights per replicate were analyzed using SAS v.9 (SAS Institute, 
NC, USA). The Shapiro-Wilk test and visual examination of normal probability plots 
were used to verify whether pupae weights conformed to a normal distribution, which 
they did. A general linear model (GLM) with medium type as a fixed factor and  first 
level replicate as a random factor was used to investigate whether either of these factors 
had an effect on mean pupae weight at second level G1 or at the end of the population 
growth phase (second level G6). Type I sum of squares from a GLM with first level 
replicate, second level replicate within first level replicate and single pair within second 
level replicate as random factors were used to evaluate the effect of drift caused by each 
of the two bottleneck levels on phenotypic variance for pupa weight. Weight of progeny 
of the single pair mating was the dependent variable. 
A restricted maximum likelihood (REML) variance components analysis with 
first level replicate, second level replicate within first level replicate and single pair 
within second level replicate as factors was used to determine the magnitude of 
phenotypic and additive variance for each medium type. The REML was performed 
separately for each medium type and Type I estimates of variance components were 
summed to give an estimate of the phenotypic variance for that medium type. Pupae 
weight for progeny of the single pair matings was the dependent variable. To determine if 
there was a significant difference in phenotypic variance by medium type, a folded F test 
was used. 
To calculate the additive variance for pupa weight in the progeny of the single 
pair matings, the Type I variance component estimate for single pair within second level 




1996). This variance component is equivalent to the covariance of full sibs, which 
estimates one half of the additive variance. 
Results 
During the course of the experiment several second level replicates went extinct. 
Reasons for this included sexing errors, the death of one individual when placing single 
pairs, the death of all adults without pupae to replace them, or moldy medium killing 
pupae. Overall, 65 second level replicates remained at the end of the experiment (41 
flour, 24 bran) and 852 progeny of single pair matings (382 flour, 470 bran) were 
weighed for analysis of phenotypic and additive variance effects of the bottlenecks.  
There was no significant difference in mean pupa weights from different first 
level replicates at the beginning of the second level (N=75), at the end of the population 
growth phase (N=51) or at the end of the experiment (N=61). However, medium type had 
an effect on mean pupa weight at the end of the population growth phase (N=51, 
P<0.0001) and at the end of the experiment (N=61, P<0.0001) with pupa raised in flour 
being larger in both cases. Therefore, subsequent analysis was carried out separately for 
flour and bran replicates. For both flour and bran replicates, there were effects of drift on 
phenotypic variance for both first level and second level of the bottleneck (flour: N=382, 
bran: N=470; P<0.0001 for both medium types and bottleneck levels).  
Total phenotypic variance was determined from the progeny of the single pair 
matings and was 0.07349 mg2 for flour and 0.09507 mg2 for bran. Variance component 
estimates for each factor in the model are shown in Table 2-2. The variance in pupa 




(F469,381 = 1.29), as was the additive variance (flour VA = 0.02058 mg2; bran VA = 
0.02844 mg2; F469,381 = 1.38). Heritability for flour, calculated as VA/VP, was 
approximately 28% (SE: 0.10), while for bran it was approximately 30% (SE: 0.10). 
Table 2-2. Variance component estimates from the REML analysis. 
Variance 
Component 




L1 Drift, Bottleneck 0.0048 0.0019 
L2 within L1 Drift, Bottleneck 
L2 
0.0159 0.0071 
SP within L2 ½ VA 0.0103 0.0142 
Error Error 0.0426 0.0719 
 
Discussion 
Understanding whether environmental change concurrent with bottlenecks affects 
the outcome for additive variation provides information about evolutionary processes and 
is useful for management of endangered species. In this study, pupa weight, additive 
genetic variance and phenotypic variance were all significantly affected by an 
environmental change representing altered foraging substrate. However, novel medium 
did not alter the effect of drift at either bottleneck level. Phenotypic variances increased 
between replicates, as predicted (Wade et al. 1996), for both levels of the bottleneck and 
both medium types. 
Novel medium type resulted in smaller mean pupa weight by the end of the 
population growth phase, and this effect was also present after nine more generations 
during which the population was maintained at constant small size. Another study found 
no significant difference in pupae weights for Tribolium castaneum raised on flour versus 




measured (White et al. 2000) as opposed to sixteen generations in the present study. It is 
unlikely that drift alone could have caused the size differential between flour and bran 
replicates, since it is expected to change trait means in random directions, resulting in no 
net change when many replicates are compared (Hill 1972). Smaller pupae weights could 
have been due to a growth constraint imposed by the bran over time, since in this study 
bottlenecks occurred in bran over a number of generations. Bran is less nutritionally 
dense than flour (Table 2-3), so an individual consuming the same volume of bran versus 
flour takes in less nutrients. Total amount of food did not appear to be a limiting factor as 
the authors never observed a case where all of the bran, or flour, had been consumed 
during a generation, but the possibility cannot be ruled out that bran-raised beetles 
consumed less total nutrients than flour-raised beetles.  
Table 2-3. Nutritional information for bran and flour. Serving size for both items: ¼ 
cup. 
Amount per Serving Flour Bran 
Calories 100 50 
Total fat 0 g 0.5 g 
Total carbohydrates 22 g 10 g 
Dietary fiber 1 g 6 g 
Sugars 1 g 0 g 
Protein 3 g 2 g 
 
In the present study, the authors also observed that bran replicates had a slower 
development period in the later generations of the experiment, requiring 30 days to 
produce pupae by G15. This was two days longer than the time required for flour 
replicates. Although longer developmental period has been suggested to represent 
reduced fitness in Tribolium castaneum, this association was made in conjunction with 




replicates were maintained at the same population sizes and population growth rates, so 
inbreeding accumulation was the same for both groups. The longer developmental period 
was likely not associated with inbreeding-induced fitness reductions. Additionally, a 
single generation study measuring development rates of Tribolium beetles from larva to 
adulthood in different grades of wheat products found no difference in developmental 
period for flour and bran, although they did note a strong feeding preference for flour 
over bran (Shafique et al. 2006).  It is possible that the longer developmental period was 
an adaptive response that was elicited after a number of generations in the bran selective 
environment. Further study would be required to investigate this possibility and 
determine the adaptive optima in bran.  
Following the bottlenecks and maintenance at a small population size for nine 
generations, both additive and phenotypic variances were higher when bottlenecks 
occurred in the novel medium type. Increased phenotypic variance without increased 
additive variance would indicate an increase in environmental variance. Such a change 
would not be useful for adaptation since selection can only act upon heritable variance. In 
this study, the purpose was not to compare additive variances before and after 
bottlenecks; rather, the intent was to examine the additive effects when bottlenecks 
occurred in a novel environment versus a standard one. Bottleneck events alone may 
increase additive variance in a population beyond predicted theoretical levels because 
drift alters allele frequencies and can change the additive interactions between loci. 
Additive effects of recessive alleles may increase if those alleles increase in frequency 
(Willis and Orr 1993), and changing allele frequencies combined with epistasis could 




Cheverud et al. 1999). These effects are difficult to predict (Barton et al. 2004), and 
depend on the genetic architecture of the trait in question (Cheverud et al. 1999), but 
increase in additive variance of quantitative traits following bottlenecks has been 
demonstrated experimentally (Bryant et al. 1986, Lopez-Fanjul and Villaverde 1989). In 
the present study, the observed larger additive variance for novel medium bottlenecks is 
likely due to a combination of changes in gene frequency caused by the bottlenecks and 
gene-environment interactions of the novel environment.  
Reed et al. (2003) determined that Drosophila lineages which were inbred in a 
variably stressful environment exhibited increased response to selection for fitness 
following the period of inbreeding compared to lineages inbred in a benign environment. 
Although the authors did not measure quantitative variance, response to selection is 
dependent upon heritable variation (Falconer and Mackay, 1996) and they suggested that 
the variable condition maintained higher levels of genetic variation. In the present study, 
the novel environment, although not variable, resulted in higher levels of additive 
variation than the standard environment following bottlenecks. As suggested by Reed et 
al. (2003), this could be the result of the novel bottleneck environment preserving a 
greater portion of the original variance.  
An increase or preservation of additive variance alone is not useful for adaptation 
in a static environment if there is a single optimum phenotype, because selection will 
rapidly remove non-advantageous variation. To understand whether an increase in 
additive variance for a given trait will increase adaptability of a bottlenecked population, 
it is necessary to understand the fitness landscape for that trait (Barton and Turelli 1989, 




effect of flattening the mean population fitness function, which makes it easier for the 
population to move to a higher adaptive peak (Wright 1932, Kirkpatrick 1982). Although 
the fitness landscape for pupa weight is unknown, because bran represents a novel 
environment, it is possible that the fitness landscape in bran is different than it would be 
in the original flour medium. In this case, increased additive and phenotypic variance 
could increase adaptive potential. As an illustration, suppose there is a multimodal fitness 
distribution for pupa weight in bran and the population mean starts out near one peak, 
which is also an optimum in flour. The larger range of available phenotypes resultant 
from the increased additive variance of the bran bottleneck environment may include 
outlier individuals with phenotypes closer to another selective peak. At that point, 
divergent selection for both optimum phenotypes could contribute to increasing genetic 
variance in each subsequent generation. This effect is predicted to be at a maximum when 
the population is in the middle between two fitness peaks (Kirkpatrick 1982). In a natural 
population experiencing a bottleneck in a novel environment, increased phenotypic and 
additive variance could allow adaptation in such a manner, moving the population 
towards new optima in the altered fitness landscape (Whitlock 1995), and possibly 
increasing genetic variance in the process. In this study, because the fitness landscape for 
pupa weight is unknown, it cannot be determined whether higher additive variance in 
bran replicates was adaptively advantageous or contributed to by the effects of selection 
moving the populations to new fitness optima. 
The present results are relevant to conservation management of endangered 
species, especially those that have been translocated or experienced founder events. 




likely to be encountered by endangered populations. The quantitative effects in a novel 
environment with a different foraging substrate were compared with those in a standard 
environment. The results indicate that when bottlenecks occurred in a novel environment, 
higher levels of additive and phenotypic variance were present than for populations 
bottlenecked in a typical environment. However, heritabilities for bran and flour were not 
markedly different given that each had a standard error of 10%. The outcome for adaptive 
potential is dependent on the genetic architecture of a given trait and its fitness landscape 
in the novel environment. The fitness landscapes for biologically relevant traits in a 
translocation environment need to be evaluated to determine the adaptive significance of 




Chapter 3  
Genomic Resources for the endangered Hawaiian honeycreepers 
 
Abstract 
The Hawaiian honeycreepers are an avian adaptive radiation containing many 
endangered and extinct species. They display a dramatic range of phenotypic variation 
and are a model system for studies of evolution, conservation, disease dynamics and 
population genetics. Development of a genome-scale resources for this group would 
augment the quality of research focusing on Hawaiian honeycreepers and facilitate 
comparative avian genomic research. 
We assembled the genome sequence of a Hawaii amakihi (Hemignathus virens), 
and identified ~3.9 million single nucleotide polymorphisms (SNPs) in the genome. 
Using the amakihi genome as a reference, we also identified ~156,000 SNPs in RAD tag 
(restriction site associated DNA) sequencing of five honeycreeper species (palila 
[Loxioides bailleui], Nihoa finch [Telespiza ultima], iiwi [Vestiaria coccinea], apapane 
[Himatione sanguinea], and amakihi). SNPs are distributed throughout the amakihi 
genome, and the individual sequenced shows several large regions of low heterozygosity 
on chromosomes 1, 5, 6, 8 and 11. SNPs from RAD tag sequencing were also found 
throughout the genome but were found to be more densely located on 
microchromosomes, apparently a result of differential distribution of the particular site 
recognized by restriction enzyme BseXI. 
The amakihi genome sequence will be useful for comparative avian genomics 




evolution, and conservation genetics. The genome sequences will enable mapping of 
transcriptome data for honeycreepers and comparison of gene sequences between avian 
taxa. Researchers will be able to use the large number of SNP markers to genotype 
honeycreepers in regions of interest or across the whole genome. There are enough 
markers to enable use of methods such as genome-wide association studies (GWAS) that 
will allow researchers to make connections between phenotypic diversity of 
honeycreepers and specific genetic variants. Genome-wide markers will also help resolve 
phylogenetic and population genetic questions in honeycreepers. 
Introduction 
Avian genome sequences were first obtained for well-studied model systems for 
which there was a long history of multidisciplinary research, namely the chicken Gallus 
gallus (Genome Sequencing Center 2004) and zebra finch Taeniopygia guttata (Warren 
et al. 2010). But now genomes are starting to appear along lines of interest such as other 
agricultural species (turkey, Meleagris gallopavo (Dalloul et al. 2010)), members of 
adaptive radiations (Darwin’s medium ground finch, Geospiza magnirostris (Rands et al. 
2013)), species with traits of interest such as vocal learning (budgerigar, Melopsittacus 
undulatus (Ganapathy et al. 2014)) and systems with possible incipient speciation 
(Ficedula flycatchers (Ellegren et al. 2012)). Genome-scale resources for non-traditional 
model organisms have become a reality over a short period of time, due in a large part to 
the commercialization of sequencing-by-synthesis (also called next-generation 
sequencing) technology (Lerner and Fleischer 2010). Initial examinations of these 




confirming hypotheses from cytogenetic studies (Griffin et al. 2007). Although 40 
million years of evolution separate chickens and turkeys, only 30 minor chromosome 
rearrangements were detected between the two and their karyotypes are strikingly similar 
(Dalloul et al. 2010). Chicken and zebra finch (perhaps 100 million years diverged 
(Hackett et al. 2008)) also exhibit a high degree of synteny and conservation of karyotype 
(Warren et al. 2010). However, recent work shows that small inversions may be common 
when comparing distantly-related avian taxa (Kawakami et al. 2014). 
There are over 5,000 passerine species with many unique traits and adaptations 
(Barker et al. 2004). Each additional passerine genome (Warren et al. 2010, Ellegren et 
al. 2012, Rands et al. 2013) that is sequenced offers an opportunity to identify different 
genes under selection and to elucidate the mechanisms underlying avian adaptations 
(Rands et al. 2013). The Hawaiian honeycreepers are an endemic Hawaiian passerine 
adaptive radiation in the Cardueline finch subfamily Drepanidinae (Lerner et al. 2011), 
and display a tremendous diversity of plumages, beak shapes (some unique to this 
radiation) and niches (James and Olson 1991). Molecular analyses indicate that the 
radiation is sister to the Eurasian Carpodacus rosefinches, and dates to about 5.7 million 
years ago (Fleischer et al. 1998, Lerner et al. 2011). Adaptive radiations have long been 
recognized for their value as evolutionary case studies and their usefulness in 
understanding adaptive evolutionary processes. The Hawaiian honeycreepers have the 
special characteristic that the history of their radiation is integrated with the geological 
history of the Hawaiian Islands. Patterns in honeycreeper divergence appear to be linked 
to the pattern of island emergence (Lerner et al. 2011), which has been well-documented 




provides a well-defined timeline, honeycreepers are a good system for estimation of rates 
of molecular evolution (Fleischer et al. 1998). 
Unfortunately, of the 33 described historical honeycreeper species (plus over 17 species 
known only from subfossil material) (James and Olson 1991), roughly two-thirds are now 
extinct, largely from human-related impacts such as habitat loss, introduced mammalian 
predators and vectored pathogens (Banko and Banko 2009). Study of the evolution of 
disease resistance is an area that will especially benefit from genome-wide markers. In 
particular, honeycreepers appear extremely susceptible to introduced diseases such as 
avian malaria (Plasmodium relictum) and avian poxvirus, both vectored by an introduced 
Culex mosquito (van Riper et al. 1986, Atkinson et al. 1995, Atkinson and Samuel 2010). 
Most extant honeycreepers are limited to higher elevations free from mosquitoes and 
disease (van Riper and Scott 2001). However, a few species, most notably the Hawaii 
amakihi (Hemignathus virens), can survive with chronic malaria infection, exhibiting 
tolerance or resistance to the disease (Atkinson et al. 2000, Jarvi et al. 2001, Woodworth 
et al. 2005). A few studies suggest that strong selective pressure from malaria resulted in 
rapid evolution of disease tolerance in certain low-elevation Hawaii amakihi populations 
and that resistance may be spreading amongst low-elevation amakihi, although it is 
unknown whether resistance arose once or simultaneously in multiple source populations 
(Foster et al. 2007). Understanding the source and mechanism of disease resistance in 
amakihi is a priority research area using the SNP markers. Such work is needed to 
improve our strategies for identifying and preserving the most viable populations of many 




Our objective in this study is to characterize the genome of a Hawaiian honeycreeper, 
the Hawaii amakihi (Hemignathus virens), and to develop and assess a set of genome-
wide SNP markers to enable both phylogenetics-scale and fine-scale investigations about 
adaptive evolution and population genetics. We used two sequencing-by-synthesis 
approaches and then performed a hybrid assembly to create a draft Hawaii amakihi 
genome sequence. The Hawaii amakihi, in addition to being a member of the 
honeycreeper adaptive radiation, serves as an ecological model for disease transmission 
due to its variable responses to infection by avian malaria (Atkinson et al. 2000, 
Woodworth et al. 2005). The individual selected for the genome sequence had a high 
level of infection, but had been recaptured several times, indicating persistence despite a 
chronic, intense malaria infection. To increase the utility of markers for broader topics of 
study, we combined de-novo genome sequencing with a reduced representation 
sequencing method (restriction site-associated DNA, or RAD) to identify and map SNP 
polymorphisms isolated from four additional honeycreeper species. In addition to 
facilitating research into honeycreeper evolution and disease resistance, the draft amakihi 
genome will contribute to knowledge of avian genome biology and improve the pool of 
resources for comparative genomic study. 
Materials and Methods 
Study samples 
A single female amakihi (Hemignathus virens) was sequenced for genome 
assembly (USGS aluminum band 1771-10606, sampled 22 February 2002 at Nanawale, 




genome sequencing to simplify assembly, the possibility of high-coverage sequencing-
by-synthesis makes it possible to assemble even with potentially high levels of variation 
(Dalloul et al. 2010). Indeed, when SNP discovery is a major goal it is typically preferred 
to use an outbred individual. Seven Hawaiian honeycreeper samples were selected for 
RAD tag sequencing: one iiwi (Vestiaria coccinea; female RCF 2682, sampled 8 March 
1987 at Kokee State Park, Kauai), two palila (Loxioides bailleui; bands 8031-75515 and 
8031-75622, sampled in 1993 at Puu Laau, Hawaii Island), one apapane (Himatione 
sanguinea; 1540-45550 sampled at Waikimoi Preserve, Maui), one Hawaii amakihi (the 
same individual used for genome assembly), and two Nihoa finches (Telespiza ultima; 
bands 1381-62204 and 1381-62194 sampled on Nihoa Island, HI). This selection of 
honeycreepers covers much of the Drepanidine tree, and includes two redbird species 
(iiwi, apapane), two finchbill species (Nihoa finch, palila) and a greenbird (amakihi). For 
a recent phylogeny of Hawaiian honeycreepers, see Lerner et al. Current Biology 2011, 
21:1838-1844. 
DNA isolation 
Genomic DNA was extracted from whole blood using proteinase K digestion 
followed by phenol:chloroform extraction and either ethanol precipitation (Nihoa finches 
one palila) or Amicon® Ultra-4 (Millipore, Billerica, MA) centrifugal dialysis (Slikas et 
al. 2000) (amakihi). Alternately, for iiwi, apapane, and the other palila, DNA was 
extracted using a Qiagen DNeasy Blood and Tissue kit (Qiagen, Germantown, MD). 
DNA quality and concentration were visualized using agarose gel electrophoresis and 
quantified using a NanoDrop 1000 spectrophotometer (NanoDrop, Wilmington, DE). 




Library construction and sequencing 
For 454 sequencing, ~10 ug of genomic DNA was fragmented using a 
HydroShear apparatus from Genomic Solutions Ltd, and 454 library preparation was 
done following manufacturer recommended protocols using the Titanium Rapid Library 
Preparation Kit, with insert sizes greater than 1000 bp. The libraries were then processed 
for shotgun Roche FLX+ sequencing in 4 lanes, to a total of 2.5X coverage. Average read 
length was 458 bp. 
A total of 5 ug of input DNA was sheared by sonication (Covaris) and size-
selected using a Pippin Prep (Sage Science). The fragmented DNA was end-repaired and 
ligated to Illumina adapters using a SPRI-TE robot and reagents (Beckman Coulter, Inc.). 
Illumina indexes were then added using 10-cycle PCR reaction performed in duplicate. 
The amplified library products were pooled and subjected to two rounds of Agencourt 
AMPure XP (Beckman Coulter, Inc.) bead clean up. The library was run on an Illumina 
MiSeq (v1 reagents) and two lanes of an Illumina HiSeq2000 (v3 reagents). The insert 
size of the library was subsequently determined by paired-end read mapping back to the 
genome assembly to be 392 +/- 29 bp. 
RAD tag library construction and sequencing 
For the samples involved in RAD tag development, DNA samples were prepared 
for RAD tag sequencing generally following the protocol of Baird et al. (2008), with 
modifications. These included the use of directional TruSeq-style adapters with 10 bp 
unique indices, and selecting a restriction enzyme with indeterminate bases at the cut site 
to accommodate requirements of Illumina HiSeq chemistry (Faircloth and Glenn 2012). 




ligated to an adapter with a unique 10 bp index sequence, and sheared to approximately 
300 – 500 bp fragments. A second adapter also containing the index sequence was ligated 
to the other end of the sheared fragments. Adapters were designed so that only fragments 
with adapters ligated to both ends would amplify. Each library was amplified using 
Phusion master mix (New England Biolabs, Ipswich, MA) for 15 – 18 cycles of PCR. 
Magnetic beads (Sera-Mag Speed Beads, Thermo Fisher Scientific, Waltham, MA) were 
used to purify libraries after amplification and filter out small fragments. Libraries were 
assessed for correct size and concentration using an Agilent BioAnalyzer. Samples were 
pooled in equimolar ratios and sequenced on an Illumina HiSeq with 100 bp paired-end 
reads (amakihi, iiwi, apapane and one palila) or MiSeq with 150 bp paired-end reads 
(both Nihoa finches and one palila). Paired-end sequencing generates two reads for each 
fragment, each starting from opposite ends of the fragment. 
Genome assembly and comparative analysis 
Quality filtered Illumina reads (>80% of bases in the read pair had quality scores 
> 20) corresponding to ~19-fold coverage (assuming a 1 Gb genome) and filtered 454 
reads (reads with at least 300 bp of Q20 bases) corresponding to ~2-fold coverage were 
used for a genome assembly with phusion (Mullikin and Ning 2003). Chromosome level 
scaffolds were generated from the assembled contigs by merging position and orientation 
information about a subset of the reads in the amakihi contigs with their orthologous 
position in the zebra finch genome (taeGut1) (Warren et al. 2010) as determined by a 
megablast (Zhang et al. 2000) search. The amakihi chromosome level scaffolds were 




settings. The consensus sequences for each chromosome have been uploaded to NCBI 
(BioProject 252695) and will be available upon publication of this article. 
SNP discovery in the amakihi genome 
The Illumina reads were mapped to the amakihi genome assembly with 
Novoalign V2.08.02 (Novoalign short read mapper: http://www.novocraft.com/), 
duplicate read-pairs were removed using SAMtools (Li et al. 2009) and variants detected 
using MPG (Teer et al. 2010). For genome-wide statistics, single-nucleotide variants 
were filtered to include only heterozygous sites with an MPG score > =10 and a MPG 
score to read-depth ratio > = 0.5, and sites that had a read-depth less than approximately 
2-fold the mean depth of coverage, i.e. <=100x on the autosomes and < =50x on the Z 
chromosome. 
Sequence processing using RAD tags without a reference 
Raw reads were evaluated for quality using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed at the 
point where per-base quality score inter-quartile range dropped below a quality score of 
20. The quality of most read two sequences deteriorated near the beginning of the read, 
so these sequences were not used. All read one sequences were trimmed to a length of 75 
bp, the shortest length of any of the libraries before quality score dropped below 20. All 
reads were trimmed to this length because the Stacks RAD tag analysis software requires 
reads from all samples to be the same length. After they were trimmed, reads were 
filtered for quality using a python script (QualityFilterFastQ.py (Kircher 2012)) (amakihi, 




(http://hannonlab.cshl.edu/fastx_toolkit/index.html) (both Nihoa finches), both of which 
removed any read that had any base pair with a quality score below 20. 
Stacks (Catchen et al. 2011) was used to assemble and call SNPs from RAD loci 
using the denovo_map.pl pipeline for samples without a reference genome. Several 
samples were first run individually using the populations mode of Stacks. Next, all 
samples were analyzed together using superparent mode. This mode is designed for test 
crosses and creates a catalog of possible loci based on the loci present in the parents. For 
non-cross samples, read one sequences are concatenated into a ‘superparent’ from which 
a catalog of stacks loci is developed, followed by alignment and genotyping of each 
sample at each catalog locus. Default parameters were used except as follows: minimum 
of three identical raw reads to create a stack and three mismatches allowed between loci 
when building the catalog of possible loci. The apapane read one file became corrupted 
during the compression process and was not used in analyses subsequent to individual 
Stacks runs. After running Stacks, Python scripts were used to filter the output to remove 
stacks that were found in the superparent catalog but not found in any progeny (samples; 
no progeny filter) or where one or more individuals had more than two genotypes for a 
given locus (bad genotypes filter). Stacks representing repetitive regions of the genome 
were removed by assembling the stacks consensus sequences with minimum overlap 70 
bp and maximum read difference of 5% and then discarding stacks that assembled into 
contigs composed of greater than two sequences. 
Using the quality-filtered Stacks consensus sequences only, we compared Stacks 
SNP calls for the amakihi with genotypes from the genome assembly (same amakihi). 




assembly. Next, custom Python and Perl scripts were used to match Stacks SNP 
genotypes with genome genotypes on a sample of 11 chromosomes selected to include 
various sizes (chromosomes 1, 5, 7, 9, 15, 20, 22, 23, 24, 26 and 28). These scripts are 
available upon request to the author. 
Alignment of RAD reads to amakihi genome and SNP genotyping 
Read one sequences from the RAD tag libraries were trimmed and quality filtered 
as for Stacks analysis, except reads from the MiSeq run (both Nihoa finch and one palila) 
were trimmed to 130 bp instead of 75 bp as there was no need to keep all sequences the 
same length for this part of the analysis. The amakihi genome assembly was indexed 
using the ‘bwtsw’ algorithm of BWA and the trimmed, quality-filtered read one 
sequences were aligned to the indexed reference using the ‘samse’ algorithm for single 
reads. The HaplotypeCaller function (DePristo et al. 2011) of the Genome Analysis 
Toolkit (GATK (McKenna et al. 2010)) was used to identify variable sites between the 
amakihi genome and aligned honeycreeper reads using the MalformedReadFilter and 
default parameters. The VariantFiltration function of GATK was used to filter variant 
sites, passing those with quality >30 and depth >6. 
Interspecies comparisons 
All RAD read one sequences were aligned to the amakihi reference sequence using 
Geneious and calls for each sample for all sites were generated using the GATK 
HaplotypeCaller function with the EMIT_ALL_CONFIDENT_SITES parameter. 
PyRAD v. 1.2 (Eaton 2014) was used to identify RAD sequences with 10X or higher 
coverage present in three or more (out of seven) taxa. These were clustered based on 




12,847. A maximum likelihood analysis in Garli v2.0 (Zwickl 2006) was performed on 
these data with 100 search replicates. 
Results  
Genome assembly 
Our hybrid approach utilized both Roche/454 and Illumina technology (see Table 
3-1). Illumina sequencing of the amakihi genome generated approximately 31 GB of data 
composed of over 300 million read pairs (174.24 × 106 2 × 101 bp, 4.08 × 106 2 × 151 bp 
and 152.67 × 106 101 × 88 bp pass-filter reads) and represented an approximately 60-fold 
coverage of the genome. The 454 data comprised 2 – 3x coverage, with 458 bp average 
read length. This is a substantially larger dataset than for the first avian genome, chicken, 
which was done using 11 million Sanger reads with 6.6- fold coverage (Genome 
Sequencing Center 2004).  
Table 3-1. Summary of input for genome assembly. 
Platform Read Type Reads /Read pairs 
Illumina 2 × 151 3.93 × 106 
Illumina 2 × 101 86.97 × 106 
454 Fragment 3.64 × 106 
 
The hybrid assembly used the full 2x 454 coverage and ~19x Illumina coverage 
(see Table 3-1), similar to the process for turkey which used ~5x 454 and ~25x Illumina 
GAII (Dalloul et al. 2010). We used only a portion of the total Illumina data to avoid 
overwhelming the information from the 454 reads; limiting the data volume was also 
necessary to stay within the memory limits of the computer used (512 GB RAM). 




finch genome sequence. In this way, amakihi genotypes at each zebra finch genomic 
position were determined. Genotype calls were generated using only high-quality (Phred-
like Q20 or above) bases in the mapped reads and that an MPG (Teer et al. 2010) score 
cutoff of ≥ 10 is expected to yield high-quality genotypes with >99.84% concordance 
with those from an Illumina Infinium genotyping assay (Paten et al. 2008). 
The structure of avian genomes in general appears to be relatively undisturbed 
with regard to rearrangements, resulting in high degree of synteny among a variety of 
bird species (Burt et al. 1999). This property has been observed when comparing turkey 
(Dalloul et al. 2010) and Ficedula flycatcher to chicken (Backström et al. 2008). Our use 
of zebra finch as a template for aligning and assembling the amakihi genome is justified, 
in part, by the relatively recent divergence (33.5 million years) of the species (Jetz et al. 
2012). In fact, the Ficedula albicollis genome shows remarkably strong synteny with 
chicken despite perhaps 100 million years of evolutionary distance (Backström et al. 
2008). However, on a more localized scale, Ficedula flycatchers show many small 
rearrangements with respect to zebra finch (Kawakami et al. 2014). If similar 
rearrangements have occurred between zebra finch and amakihi, then our assembly could 
be different from the true amakihi genome sequence. 
The N50 value of contigs from the hybrid assembly was 23 kb, and 50 kb for 
scaffolds. This value is smaller than for other recently published bird genomes; for 
example, Darwin’s finch had a 382 kb scaffold N50 (Rands et al. 2013), and the value for 
flycatcher was 7.3 Mb (Ellegren et al. 2012). Additional sequencing libraries of larger 
insert sizes would perhaps have resulted in larger N50 values; however, this was 




Total assembly size of the amakihi genome was approximately 1 Gb, similar in size to 
other bird genome assemblies (for example, 1.05 Gb for chicken (Genome Sequencing 
Center 2004), 1.2 Gb for zebra finch (Warren et al. 2010), 1.1 Gb for turkey (Dalloul et 
al. 2010), 1.1 Gb for collared flycatcher (Ellegren et al. 2012), and 991 Mb (true size 
estimated to be 1.25 Gb) for Darwin’s medium ground finch (Rands et al. 2013)). We 
believe that our amakihi genome is relatively complete because the assembly size is 
similar to other bird genomes. We further tested this assumption by aligning zebra finch 
sequences to selected portions of the honeycreeper assembly and determining the 
percentage that successfully aligned. Overall for the numbered chromosomes (not 
including random, chrM or chrUn), 86.33% of zebra finch sites could be aligned (mean: 
77.26 ± 17.69; see Table 3-2).From this alignment we also calculated the genetic distance 
between amakihi and zebra finch as 0.0905 (Kimura two parameter model; see Table 3-
2). It is possible that this value is underestimated since regions greatly diverged between 
amakihi and zebra finch may not have successfully mapped to the zebra finch reference. 
 
Table 3-2 Alignment statistics for zebra finch and amakihi against amakihi genome. 
Chrom. % of zebra finch 
sites aligned (non-
N) 








chr1 87.54 90.67 0.09 0.09 
chr10 87.66 91.68 0.08 0.08 
chr11 87.65 89.89 0.08 0.08 
chr12 85.83 90.77 0.08 0.08 
chr13 84.46 89.64 0.08 0.09 
chr14 88.44 89.85 0.08 0.08 
chr15 83.49 87.47 0.08 0.08 




chr18 81.18 79.45 0.08 0.09 
chr19 81.35 86.12 0.08 0.08 
chr2 87.90 90.72 0.09 0.09 
chr20 81.75 87.00 0.08 0.08 
chr21 77.05 81.73 0.08 0.09 
chr22 63.61 70.26 0.10 0.11 
chr23 71.64 78.85 0.09 0.09 
chr24 72.44 78.98 0.09 0.10 
chr25 72.01 75.09 0.10 0.11 
chr26 77.91 79.94 0.09 0.09 
chr27 65.53 73.24 0.09 0.10 
chr28 75.92 72.64 0.09 0.09 
chr3 91.56 92.23 0.08 0.09 
chr4 87.78 91.91 0.09 0.09 
chr5 87.80 91.76 0.08 0.09 
chr6 85.38 91.11 0.08 0.09 
chr7 83.72 91.19 0.08 0.09 
chr8 87.09 92.25 0.08 0.08 
chr9 83.21 90.02 0.08 0.09 
chr1A 88.13 90.70 0.09 0.09 
chr1B 68.96 78.58 0.10 0.11 
chr4A 84.31 90.13 0.08 0.09 
chrLG2 19.65 64.27 0.15 0.17 
chrLG5 5.49 62.13 0.15 0.17 
chrLGE22 73.78 79.21 0.09 0.10 
chrZ 82.55 84.25 0.10 0.11 
 
A total of 1.04 Gb of the amakihi assembly was localized to 34 chromosomes by 
aligning contigs and scaffolds to zebra finch chromosomal sequences. Although 
previously assembled avian genomes have taken advantage of linkage maps from the 
same species for chromosome assignment (i.e., 93% assigned to chromosomes for turkey 
(Dalloul et al. 2010)), alignment to other genomes has also been used. For Ficedula 




flycatcher linkage map; by comparing conserved organization with zebra finch, a total of 
89% could be assigned (Ellegren et al. 2012). As was the case for turkey (Dalloul et al. 
2010) and chicken (Genome Sequencing Center 2004), most of the honeycreeper 
chromosomes are microchromosomes that cannot always be distinguished by size alone 
(see Figure 3-1, which shows relative chromosome lengths). The draft amakihi genome 
sequence is available in FASTA format in the NCBI repository, BioProject: 
PRJNA252695. 
 
Figure 3-1. RAD coverage of amakihi chromosomes. Colors indicate proportion of 
100 KB bins covered by at least 1 bp of RAD sequence. 
 
After assembly, a larger number of Illumina reads were aligned back to the 
assembled genome to a depth of ~47.6x for the autosomes and ~25x for the Z 




from 0.0022 on chromosome LGE22_random to 0.0113 on chromosome LG5 (Table 3-3: 
summary of nucleotide diversity by chromosome). 
 
Table 3-3. Nucleotide diversity by chromosome. 
Chromosome Homozygous Sites Heterozygous Sites π 
chr1 112,544,959 485,712 0.0043 
chr10 19,502,766 67,127 0.0034 
chr10_random 181,773 748 0.0041 
chr11 20,339,491 68,262 0.0033 
chr11_random 205,478 795 0.0039 
chr12 19,966,665 77,365 0.0039 
chr12_random 142,337 627 0.0044 
chr13 15,608,448 63,230 0.0040 
chr13_random 2,273,196 6,948 0.0030 
chr14 15,783,392 62,881 0.0040 
chr14_random 119,916 586 0.0049 
chr15 13,395,570 47,525 0.0035 
chr15_random 336,675 1,356 0.0040 
chr16_random 28,278 132 0.0046 
chr17 10,789,469 43,477 0.0040 
chr17_random 69,369 290 0.0042 
chr18 11,093,387 30,844 0.0028 
chr18_random 393,813 1,922 0.0049 
chr19 10,638,978 41,233 0.0039 
chr19_random 61,004 162 0.0026 
chr1A 70,419,613 301,663 0.0043 
chr1A_random 429,913 1,856 0.0043 
chr1B 900,172 4,219 0.0047 
chr1B_random 100,455 761 0.0075 
chr1_random 150,801 806 0.0053 
chr2 149,097,369 652,060 0.0044 
chr20 14,291,352 57,186 0.0040 
chr20_random 138,194 682 0.0049 




chr21_random 1,777,800 4,856 0.0027 
chr22 2,908,707 11,322 0.0039 
chr22_random 657,788 3,832 0.0058 
chr23 5,370,519 23,530 0.0044 
chr23_random 370,728 2,169 0.0058 
chr24 7,044,699 31,458 0.0044 
chr24_random 74,717 253 0.0034 
chr25 1,142,233 4,993 0.0044 
chr25_random 345,747 2,115 0.0061 
chr26 4,582,739 19,099 0.0042 
chr26_random 1,375,049 7,314 0.0053 
chr27 3,929,203 14,589 0.0037 
chr27_random 187,008 875 0.0047 
chr28 4,923,374 18,553 0.0038 
chr28_random 158,967 1,285 0.0080 
chr2_random 408,633 1,750 0.0043 
chr3 110,159,365 497,976 0.0045 
chr3_random 850,964 4,677 0.0055 
chr4 65,570,862 294,828 0.0045 
chr4A 18,959,367 64,240 0.0034 
chr4A_random 68,624 262 0.0038 
chr4_random 4,413,118 21,779 0.0049 
chr5 58,574,618 240,015 0.0041 
chr5_random 1,912,995 11,030 0.0057 
chr6 33,425,145 73,863 0.0022 
chr6_random 1,513,279 8,220 0.0054 
chr7 35,848,910 146,136 0.0041 
chr7_random 205,374 1,023 0.0050 
chr8 25,953,825 94,369 0.0036 
chr8_random 4,504,789 14,345 0.0032 
chr9 24,645,966 100,108 0.0040 
chr9_random 121,289 669 0.0055 
chrLG2 27,825 241 0.0086 
chrLG5 1,309 15 0.0113 
chrLGE22 781,559 2,626 0.0033 
chrLGE22_random 75,448 170 0.0022 




chrZ 68,235,778 9,906 0.0001 
chrZ_random 2,178,358 2,162 0.0010 
chrUn2 21,894,126 153,065 0.0069 
 
Because in birds females are the heterogametic sex (we sequenced a female) 
chromosome Z should in theory have no heterozygous sites except in pseudo autosomal 
regions. Our data show about 0.017% of the total sequence sites assigned to Z and Z 
random are heterozygous (9,906 heterozygous sites on Z and 2,162 on Z random) versus 
0.417% for sites on autosomal chromosomes. These false positives on the Z could be 
attributed to mismapping of paralagous reads or misassignment of autosomal segments to 
the Z and Z random chromosomes. The false positive rate on Z/Z random is an 
approximate indicator of the false positive rate elsewhere in the genome because 
mismapping of paralagous sites could have occurred for autosomal chromosomes as well. 
Approximately 3.9 million SNP sites were discovered in the assembled amakihi 
genome, or approximately one SNP every 256 bp. This is similar to results for the 
flycatcher, where 3.66 million SNPs (one per 330 bp) were identified in one individual 
(Ellegren et al. 2012). Heterozygosity was characterized for each chromosome by 
counting the number of heterozygous sites in 100 kb bins along each chromosome 
(Figure 3-2). Large stretches of extremely low variability (nearly zero heterozygosity) 
were observed on five chromosomes (1, 5, 6, 8 and 11). Coverage for these regions was 
not different than for other sites in the genome. They ranged in size from 2 Mb on 
chromosome 5 to 17.9 Mb on chromosome 6 and together made up 3.51% of the genome 
sequence (Figure 3-2). Large stretches of low heterozygosity were also observed on 




come from a recent common ancestor) haplotypes (Aslam et al. 2012). The turkeys 
described in that study were from domestic lines that had been subjected to many 
generations of artificial selection, so finding IBD regions was not unexpected. In the case 
of the amakihi, which has a relatively large population size, inbreeding is not expected. 
For inbreeding between first order relatives (i.e., parent-child) approximately 25% of the 
genome would be expected to show large homozygous stretches, while inbreeding of 
second order relatives (such as uncle-niece/aunt-nephew) would result in about 12.5%. 
To differentiate between the effects of inbreeding and selection, we would need to 
determine the probability of SNP loci in the low heterozygosity regions being IBD or 
identical by state (IBS; sharing the allele by chance rather than inheriting it from the 
same ancestor). As we obtain more data from other amakihi, we will be able to calculate 
allele frequencies for the loci in question and be able to calculate IBD/IBS probability for 
the low heterozygosity regions. These regions could possibly represent signatures of 
selective sweeps in the evolutionary history of the amakihi, or be the result of inbreeding, 
although the latter may be less likely given the relatively high variation found in amakihi 
from the same locality as 1771-10606, the individual whose genome is presented here . 
We compared gene classifications within each homozygous region to those on the rest of 
each respective chromosome using Ensembl annotations for the zebra finch 





Figure 3-2. Patterns of heterozygosity across amakihi chromosomes. Each dot represents the count of heterozygous sites in a 






The RAD tag method involves digesting genomic DNA with a restriction enzyme 
and sequencing fragments (tags) of DNA adjacent to restriction sites (Baird et al. 2008). 
We sequenced RAD tags for six individuals of four honeycreeper species in addition to 
the same amakihi for which we obtained the genome. This method yielded a wide range 
of sequences per individual, with an average of 7,596,336 post quality filtering (range: 
319,559 – 24,263,032; see Table 3-4.). We attribute the large range of number of reads to 
stochastic factors and variable sample DNA quality, as all other parameters (DNA 
quantity, library preparation protocol, pooled for sequencing in equimolar ratios) were 
the same between samples. RAD sequences were analyzed following two protocols: 
without a reference genome, using the Stacks pipeline, or utilizing the amakihi sequence 
as a reference for assembly and genotype calling. Raw reads for each individual in 
FASTQ format have been uploaded to NCBI (BioProject 252695) and will be available 
after publication of this article. 
Table 3-4. RAD read counts. 
Sample Raw Read 1 Sequences Quality-filtered Read 1 Sequences 
Apapane 16,017,647 7,331,429 
Iiwi 43,630,304 16,380,184 
Amakihi 50,069,524 24,263,032 
Palila_Tag1 6,869,311 3,023,108 
Palila_2 652,854 319,559 
Nihoa_Finch_1 1,098,237 772,863 
Nihoa_Finch_2 1,503,204 1,084,183 
 
By using Stacks to assemble and genotype RAD sequences, we found 309,957 
loci with 173,553 passing our filters, 17,513 of which were variable loci containing at 




40,270 loci per species passing our filters (range: 2,351 – 123,623) and 3,996 SNPs per 
species (range: 515 – 12,422); i.e., about 10% of loci contained SNP(s). Only 473 stacks 
with 109 total SNPs were shared by at least three of the honeycreeper species. 
Table 3-5. Stacks results after quality filtering. 
Species Number of Stacks Loci Number of SNPs Number of Variable Loci 
Apapane 17,357 680 573 
Nihoa Finch 3,004 841 577 
Palila 2,351 515 354 
Iiwi 55,014 5,523 4,197 
Amakihi 123,623 12,422 9,536 
 
Since we had both RAD and genome data for the same individual amakihi, we 
compared genotype calls from Stacks to known values from the genome sequence. With a 
minimum stack depth requirement of nine, only 0.8% of Stacks SNP calls differed from 
the genome value. 
RADs with a reference 
We also analyzed RAD data with the benefit of the amakihi reference sequence. 
Restriction cut sites, and therefore RAD sequences, are expected to be randomly, not 
evenly, distributed across the genome (Davey et al. 2013). When aligning honeycreeper 
RAD sequences to the amakihi genome, we observed a denser distribution of RADs on 
the microchromosomes (Figures 3-1 and 3-3). We found the same pattern of non-random 
distribution of restriction sites based on an in silico restriction digest of the amakihi 
genome (Figure 3-3). One possible explanation for this is that the microchromosomes of 
avian species are commonly more gene-dense than the macrochromosomes, with a higher 




enzymes tend to have a high proportion of GC content in their binding site (Nikolajewa 
2005). The enzyme used in this study, BseXI, contains 80% GC in its 5 bp recognition 
site, making this a plausible explanation. Alternatively, there may be more repetitive 
DNA sequences in macrochromosomes, and the repetitive sequences might not contain 
the BseXI recognition site. Being able to align RADs to a reference provides an 
advantage for researchers who may wish to select a smaller number of RAD SNP sites 
for genotyping, as the spacing and location of specific markers makes it easier to narrow 





Figure 3-3. Relationship between relative chromosome size and RAD density. Top 
panel shows the density of RADs based on our RAD sequencing; bottom panel 
shows the density of restriction sites and potential RADs based on in silico digest of 
the amakihi genome. 
We used the Burrows-Wheeler Aligner (BWA (Li and Durbin 2009)) and the 
Genome Analysis Toolkit (GATK (McKenna et al. 2010)) in conjunction with the 
amakihi reference sequence to identify inter- and intraspecific SNPs using the RAD 
sequences. Using this method, we identified 172,085 SNP sites with 156,486 passing 
quality filters (See Table 3-6). After filtering, there were, on average, 52,348 sites with a 
known genotype identified per sample (range: 15,800 – 110,844) including an average of 
1,727 heterozygous sites per sample (range: 291 – 4,137). 9,714 non-reference sites were 




Table 3-6. SNP sites discovered by comparison to the honeycreeper reference. 










Nihoa_Finch_1 93,646 2,864 91,038 15,715 
Nihoa_Finch_2 110,844 4,137 108,297 30,168 
Iiwi 15,800 291 12,685 524 
Palila_1 17,511 571 14,580 841 
Amakihi 50,489 2,202 22029 3,587 
Palila_2 25,795 299 22,529 1,664 
 
Compared to analyzing without a reference, the BWA-GATK pipeline resulted in 
more SNPs identified for Nihoa finch, fewer for iiwi, about the same for palila, and fewer 
for amakihi. 
Interspecies comparisons 
We performed a phylogenetic analysis to demonstrate the utility of RAD 
sequences for determining relationships amongst taxa. PyRAD (Eaton 2014) was used to 
identify and homologize RAD sequences with 10X or higher coverage present in three or 
more taxa, which produced 38,889 bp. A maximum likelihood analysis was performed on 
these data in Garli (Zwickl 2006) with 1,000 bootstrap replicates and the relationships of 
the five species are shown (Figure 3-4). This analysis recovered the expected topology 
with good support for the iiwi/apapane relationship. Support for the palila/Nihoa finch 
node was low, perhaps as a result of the deeper divergence between these species than 
between iiwi and apapane, and the shorter internode between this clade and the amakihi 




Figure 3-4. Reconstructed maximum likelihood tree of relationships of the five study 




Herein, we describe a draft genome sequence for the Hawaii amakihi and 
associated genomic resources for Hawaiian honeycreepers including approximately 3.9 
million SNPs within the amakihi genome and over 150,000 SNPs within and between 
amakihi and four other honeycreeper species. Honeycreepers are an important model 
system for many questions in evolutionary biology, and the SNP markers will facilitate a 




both enhances the resolution of current research methods (for example, fully resolving 
the honeycreeper phylogeny) and also opens up new analyses that weren’t possible before 
(such as GWAS for malaria tolerance). Some of the important questions which may be 
addressed include: how do rates of sequence evolution vary among different classes of 
DNA; what genes or genome regions are involved in speciation, adaptation or evolution 
of tolerance or resistance to disease; and how much adaptive potential exists in a 
population after demographic decline or fragmentation? 
Studies of the evolutionary relationships of honeycreepers (Amadon 1950, 
Richards and Bock 1973, Raikow 1977) have been limited by available technology and 
methods, as well as by rapid speciation and low levels of sequence divergence. Early 
molecular studies used allozyme electrophoresis (Johnson et al. 1989, Fleischer et al. 
1998), restriction fragment length polymorphism of mitochondrial DNA (Tarr and 
Fleischer 1993), and relatively short DNA sequences (Fleischer et al. 1998, Reding et al. 
2009, 2010) to only marginally resolve nucleotide substitution rates and relationships 
within the honeycreepers. Larger molecular datasets, such as one with entire 
mitochondrial genomes and 13 nuclear loci (>15 Kb) more adequately resolved the 
phylogeny, and estimated rates of sequence evolution and a split from a cardueline finch 
lineage at 5.7 Mya (Lerner et al. 2011). Re-evaluating the honeycreeper phylogeny with a 
larger, more comprehensive dataset will allow researchers to investigate the pattern and 
tempo of evolution in this radiation. With genome-wide markers, it will be possible to 
connect genomic regions with specific adaptive traits across the phylogeny. Because 
precise geological information about the Hawaiian Islands provides a framework for 




the evolutionary process. What is learned from honeycreepers can also be compared with 
other avian adaptive radiations such as Darwin’s finches (Rands et al. 2013) to further 
our understanding of the evolutionary process overall. 
The ability to use analytical tools that connect genotypes to traits, such as GWAS (Orr et 
al. 2010, Jones et al. 2012)) is a key benefit of the honeycreeper genomic marker set. 
These methods require large numbers of markers and were previously only useful for 
genome-enabled model organisms. Such techniques may allow identification of genes or 
regions implicated in disease resistance or specific adaptive traits; when such information 
is combined with results in other taxa, it contributes to our overall understanding of 
molecular mechanisms. This is also a first step towards investigating what happens to the 
genetic diversity in adaptively important genes or regions when species decline and 
become endangered. Identifying key genomic regions for disease resistance or adaptation 
could help focus conservation efforts towards preserving genetic variation in those areas 
and provide guidance for genetically-based population management decisions. 
Hawaiian honeycreepers are also a model to investigate the response of genetic 
variation to human caused population decline, fragmentation and founder effects. For 
example, the Hawaii akepa (Loxops coccineus coccineus) occupies < 10% of its historical 
range in fragmented habitat and is a magnitude less populous than before its decline, yet 
contemporary samples show the same level of mitochondrial genetic diversity as in 
specimens sampled > 100 years ago and no significant differentiation between 
fragmented populations is detected (Reding et al. 2010). In another case, several founder 
populations of Laysan finch (Telespiza cantans) have been established on Pearl & 




differentiated from the Laysan population and, to some extent, from each other (Tarr et 
al. 1998). Finally, Hawaii amakihi, which have a relatively large population size, exhibit 
a rather unique elevational structuring, with populations from high elevation genetically 
differentiated from those at low elevation; data from museum skins suggest that this was 
also true historically. This elevational pattern is not found in contemporary iiwi 
(Vestiaria coccinea) or apapane (Himatione sanguinea) populations (Foster et al. 2007). 
Using the more comprehensive SNP marker set will provide the power to start looking at 
selection and adaptation to anthropogenic caused change in these species. 
Our results provide a set of genomic resources for Hawaiian honeycreepers that will 
facilitate research on disease interactions, metapopulation dynamics, adaptive radiations, 
and genome evolution. The amakihi genome sequence will enable comparative studies of 
avian genomes and is an important contribution as it represents one of the more than 
5,000 passeriform species. The results yield a large number of genome wide markers, 
both from heterozygous sites in the sequenced individual and discovered using RAD tags 
with other honeycreeper species. We have demonstrated their potential phylogenetic 
utility based on a tree of relationships between honeycreeper species used in our RAD 
analysis that matches expectation based on previous molecular phylogenetic analyses 
(Lerner et al. 2011). Heterozygosity measures for the individual sequenced, a malaria-
resistant amakihi, indicate some regions of potential selective sweeps that could be of 
interest for study of malaria resistance. These regions are being targeted for resequencing 
in populations of malaria resistant and susceptible amakihi. The markers could also be 
used to identify regions of divergence among honeycreeper species to help elucidate the 




Chapter 4  




Islands foster unique biodiversity but also impose restrictions on population size 
and increased stochastic risk. A common characteristic is reduced genetic variation 
compared to mainland counterparts. Population crashes (bottlenecks) or founder events 
may exacerbate the effects of genetic drift and associated problems for insular species. 
The Laysan finch, Telespiza cantans, is an endangered Hawaiian honeycreeper endemic 
to Laysan Island in the Northwestern Hawaiian Islands. Its history includes a severe 
bottleneck in the early 20th century caused by introduced rabbits, as well as several 
founder events when Laysan finches were translocated to the islets of Pearl and Hermes 
Reef (PHR). We used a DNA sequence capture approach to obtain SNP genotypes for 
museum samples of Laysan finches prior to the 20th century bottleneck and for modern 
samples from Laysan and three translocated populations on different islets of PHR. We 
found no difference in heterozygosity or number of fixed alleles or private loci between 
any of the populations. We investigated population structure using clustering, principle 
components, discriminant function of principle components, FST, and AMOVA. No 
discernible population structure was detected, including comparison between samples 








The evolutionary dynamics of living on islands have fascinated biologists for 
centuries (Darwin 1859, Wallace 1880). Islands can be hotspots of biodiversity due to the 
adaptive radiations that tend to form. An excellent example is avian species on Hawaii 
that have filled many niches that might otherwise have been filled by mammals (Amadon 
1950). However, extinction risk is higher on islands than on continents (Steadman 2006, 
Jones and Merton 2012). With the entire population or species localized in a relatively 
small area, the probably of extinction by natural or anthropogenic disaster is higher. 
Small islands generally support smaller population sizes, and small populations are more 
susceptible to loss of genetic variation through drift, reducing adaptive potential and 
increasing the chance of inbreeding depression (Frankham 1997, 1998, 2005; Keller and 
Waller 2002). A population with low diversity may be more susceptible to disease 
(Spielman et al. 2004) or less able to cope with environmental change (Willi et al. 2006). 
Tragic examples of how introduced disease and predators have decimated irreplaceable 
endemic island fauna can be found around the world. Examples include avian malaria in 
Hawaii (Warner 1968, van Riper et al. 1986) or tree snakes in Guam (Savidge 1987). 
Studying insular species that have experienced population bottlenecks can help us 
understand how island population dynamics interact with these significant demographic 
events. The equilibrium level of genetic variation in island populations is frequently 
lower than their mainland counterparts (Frankham 1997, 2005), and because bottlenecks 
(and founder events) are predicted to reduce genetic diversity (Kimura and Ohta 1969, 
Nei et al. 1975), there is potential for significantly low genetic variation in bottlenecked 




of bottlenecks for genetic variation is not always predictable (Bouzat 2010). There have 
been several reports of island endemics recovering from very severe bottlenecks (Ardern 
and Lambert 1997, Groombridge et al. 2009), and some have suggested that chronically 
low population sizes on islands could reduce the genetic load (Bataillon and Kirkpatrick 
2000). One intriguing study of an island endemic, the Mauritius kestrel (Falco 
punctatus), which survived an extreme bottleneck compared pre- and post- bottleneck 
genetic variation and reported much higher variation than predicted prior to the 
bottleneck, possibly because of population fragmentation (Groombridge et al. 2000). An 
alternative example is that of the nene (Branta sandvicensis), which showed similarly 
low levels of genetic variation before and after a historical bottleneck during the 1800-
1900s. Researchers used ancient DNA and modeling to determine that nene had lost 
much of their genetic variation in an earlier bottleneck coinciding with a time of 
prehistoric human population growth, creating a situation where nearly all of the existing 
variation was preserved during the historical bottleneck (Paxinos et al. 2002). Clearly, 
much remains to be discovered about how genetic diversity is impacted by bottlenecks in 
systems where diversity is restricted by insular evolutionary history. The more we 
understand how bottlenecks or founder events are likely to affect genetic diversity of 
island endemics, the better we will be able to provide targeted assistance to endangered 
island species (Lambert et al. 2005, Bouzat 2010). 
The Laysan finch (Telespiza cantans), an endangered Hawaiian honeycreeper 
(Carduelini: Drepanidini), is an island endemic with documented population declines. 
Laysan is a very small island (~4.11 km2) in the Pacific located approximately halfway 




Midway island. Laysan was home to five endemic bird taxa (four unique species and one 
subspecies), as well as endemic flora and insects, as of the late 19th century. Observers 
reported little human impact on the flora and fauna of Laysan prior to 1896, and early 
reports indicated Laysan finches to be “everywhere in abundance” (Ely and Clapp 
1973b). Unfortunately, in 1902 rabbits were introduced to Laysan, with devastating 
effects Laysan’s vegetation and thus on the native and endemic species (Ely and Clapp 
1973b). Three of the five endemic birds went extinct. Laysan finch numbers fell in 
response to the degradation of Laysan’s plant life. From 1911 to 1913 there were between 
2,700 (Dill and Bryan 1912) and 4,000 Laysan finches (Munter 1915). An expedition sent 
to exterminate the rabbits in the winter of 1912-1913 removed many thousands, but not 
all of them. However, the rabbits contributed to their own demise by consuming all of 
their own food resources. By 1923, only a few hundred rabbits remained, and these were 
destroyed by the Tanager Expedition. At that point, only an estimated 100 Laysan finches 
remained (Wetmore 1925, Ely and Clapp 1973b, Olson 1996). The Laysan finch 
population rebounded, and by 1957, censuses estimated 5,000 individuals (Woodside and 
Kramer 1961). In 1959, 36 years after the rabbits were eradicated, there were an 
estimated 10,000 Laysan finches on Laysan (Warner 1959). 
In an attempt to mitigate the risk of extinction for the Laysan finch, the United 
States Fish and Wildlife Service decided to found a second population (Sincock and 
Kridler 1977). In 1967, they translocated 108 individuals 500 km to Southeast Island at 
Pearl and Hermes Reef (PHR), about 44 years after rabbits were removed from Laysan. A 
series of founder events followed as finches colonized the other islets of PHR (Figure 4-




2004)) were described as in decline and at risk of extinction (McClung 2005). A major 
factor driving current extinction risk is an invasive annual plant species, Verbesina 
encelioides, which has supplanted the native vegetation (Sprague 2004). The native 
vegetation provided year-round foraging and nesting habitat for the finch, but V. 
enceliodies dies out in the winter, leaving the finch with limited foraging resources. 
Finally, climate change is putting both the Laysan and PHR populations at increased 
jeopardy due to sea level rise and the increasing frequency of storms (USFWS 2008).  
Figure 4-1. Colonization of Pearl & Hermes Reef Islets. Numbers in parentheses are 
population size ranges observed in years subsequent to translocations. Adapted 
from Tarr et al 1998. 
 
 
The goals of this study were to: (1) determine the baseline historic level of genetic 
variation in the Laysan finch on Laysan island and compare that with the level of 
variation in modern populations; and (2) identify population differentiation or structure 




allozymes (Fleischer et al. 1991) and microsatellites (Tarr et al. 1998) in modern Laysan 
finch populations. For both studies, FST values suggested differentiation between PHR 
populations and Laysan, likely due to the effects of genetic drift. No study to date has 
ascertained genetic diversity prior to the introduction of rabbits to Laysan. Study of 
historic genetic diversity can help managers evaluate the relative genetic health of the 
modern populations as has been done, for example, for other endangered Hawaiian birds 
(Paxinos et al. 2002, Fleischer et al. 2007, Reding et al. 2010, Mounce et al. 2014). In this 
study, we used museum specimens collected prior to 1923 to determine the level of 
genetic diversity present in historic times and to compare that with modern specimens to 
determine the magnitude of genetic diversity lost during the major 20th century Laysan 
bottleneck. Comparison of historic and modern samples also helps us understand how 
stochastic events like the 20th century bottleneck interact with insular 
demographic/genetic dynamics to affect effective population size and genetic variation 
through time. Finally, determination of structure between modern populations on the 
islets of Pearl and Hermes Reef (PHR) and Laysan provides insight into how founder 
event bottlenecks affect genetic diversity and differentiation in an island system.  
We used a capture approach to sequence targeted DNA fragments from museum 
samples collected on Laysan and modern samples collected on Laysan and PHR in the 
1980s and 1990s. We called single nucleotide variations (SNPs) from the sequence data 
and used these to evaluate genetic diversity and population structure. We predicted that: 
(1) the historic Laysan finch population would show greater genetic diversity than the 
modern populations; (2) PHR populations founded by fewer Laysan finches (Grass and 




or modern Laysan; and (3) population structure between Laysan and PHR populations 
would be detectable. 
Methods 
Samples 
Blood samples from Laysan (N=33) and each PHR island (Grass N=33, Southeast 
N=34, North N=33) were collected as part of previous work (Conant 1988, Tarr et al. 
1998) and are listed in Appendix A. Samples were stored at -20°C or -80°C prior to DNA 
extraction. Toepads (Mundy et al. 1997) from Laysan finch museum specimens (N=38) 
were provided by various museums (Appendix A). Museum samples used in this study 
were collected between 1891 (prior to the introduction of rabbits to Laysan) and 1913, 
when rabbits had been on Laysan for approximately 10 years. At that point, the Laysan 
finch population was estimated to still be quite large, between approximately 2,700 and 
4,000 individuals (Ely and Clapp 1973b).  
DNA Extraction and Library Preparation  
All pre-PCR work with museum samples was performed in a physically separate 
laboratory dedicated to ancient DNA work. Extractions were performed alternating 
every-other-sample with either an extraction blank or a sample from a different species to 
enable detection of cross-contamination. At least one extraction blank was used for each 
batch of extractions. Museum samples were extracted using phenol:chloroform extraction 
as described in (Fleischer et al. 2000) with a final purification step using Amicon Ultra 




For modern samples, genomic DNA was extracted from blood samples using a 
BioSprint or DNEasy Extraction kit and quality was assessed by agarose gel 
electrophoresis. At least one extraction blank was included with each batch of 
extractions.  
Modern samples were quantified using a Qubit and 500 ng of each sample was 
fragmented using a QSonica sonicator for 2 – 6 minutes depending on range of fragment 
sizes present in order to obtain a mean fragment size of 300 – 500 bp. Sonicated samples 
were end-repaired using DNA Polymerase I, Large (Klenow) Fragment or NEBNext 
End-Repair Kit (both New England Biolabs). A cytosine was added to the end of 
fragments using Klenow Fragment (3’ – 5’ exo; New England Biolabs) and NEB buffer 2 
with dCTP added in order to facilitate ligation of Nextera-style stubby adapter in a 
subsequent step using NEB Quick Ligation Kit (New England Biolabs). After stubby 
adapter ligation, unique dual 8-bp Nextera-style indices were added to each sample 
through PCR amplification using Kapa HiFi Polymerase (5 – 10 cycles for modern 
samples; 12 – 16 for museum samples). Success of library preparation was determined by 
running each post-PCR library on an agarose gel. Library preparation for museum 
samples was carried out as described above for modern samples, with the following 
modifications at the beginning of the protocol. The fragmentation step was skipped, as 
museum specimen DNA is already fragmented. Prior to the end repair step, 50 ul of DNA 
extract was subjected uracil-DNA glycoylase (UDG) treatment following manufacturer 
recommendations (New England Biolabs) to reduce the presence of cytosine deamination 
artifacts (Hofreiter 2001).  




In order to select SNP-containing fragments for sequencing, we used a custom in-
solution array (MYcroarray MYbaits) designed to capture ~40,000 honeycreeper SNP 
loci (Callicrate et al. 2014). The capture array was designed using four honeycreepers 
related to Laysan finches rather than Laysan finch individuals in order to avoid 
ascertainment bias (Albrechtsen et al. 2010, Lachance and Tishkoff 2013). Amplified 
libraries were quantified using QBit and split into groups of seven or eight for pooled 
capture. Museum samples were pooled separately from modern samples (3 – 5 per pool). 
Each pool consisted of 600 ng total library DNA and no adapter indices were shared by 
samples in each pool. MYcroarray Protocol 1.3.7 was followed, except Block #1 (Human 
Cot-1) was replaced with Chicken Cot-1 to increase blocking effectiveness. Following 
capture, pools were amplified for 10 -12 cycles with Illumina primers and quantified 
using qPCR (Stratagene) with a Kapa Illumina Quantification Kit. Three samples were 
captured, pooled, and sequenced on an Illumina MiSeq to validate the capture procedure. 
Subsequently, all capture pools were pooled together and sequenced on two lanes of an 
Illumina HiSeq.  
Sequence Alignment and SNP Calling 
Each sample’s reads from both lanes were pooled (for three samples which had 
also been run on the MiSeq, those reads were pooled also) and aligned to the amakihi 
genome sequence (Callicrate et al. 2014) using BWA (Li and Durbin 2009). PCR 
duplicates were marked using Picard Tools (http://broadinstitute.github.io/picard), and 
indels were identified and realigned using the Genome Analysis Toolkit (GATK) 




GATK UnifiedGenotyper was used to call variant sites in all samples 
simultaneously, using parameters --min_base_quality_score 20, --
standared_min_confidence_threshold_for_calling 20, and -- 
standared_min_confidence_threshold_for_emitting 20. The resulting variant file was 
subjected to hard filtering using the FilterVariants GATK tool as recommended by the 
Broad Institute (Van der Auwera et al. 2013) when standardized reference data (such as 
HapMap) are unavailable (filter expression: "QD < 2.0 || FS > 60.0 || MQ < 40.0 || 
HaplotypeScore > 13.0 || MappingQualityRankSum < -12.5 || ReadPosRankSum < -8.0"; 
see http://gatkforums.broadinstitute.org/discussion/2806/howto-apply-hard-filters-to-a-
call-set). A list of variants passing coverage filters was created using the 
CoveredByNSamples sites tool with parameters --minCoverage 9 (excludes a locus for a 
given sample if that sample’s coverage is below 9) and --percentageOfSamples 0.3 
(excludes loci from the set if they are found in fewer than 30% of all samples). Finally, 
sites meeting the following set of conditions were selected using the GATK 
SelectVariants tool: SNP only (e.g., excludes indels), variable when considering the 
entire set of samples, passed the hard filter, and passed the coverage filter. We further 
reduced the dataset to remove SNP sites and individuals with high missingness. First, 
VCFtools (Danecek et al. 2011) was used to remove sites with >50% missing data, 
resulting in 11,527 loci remaining. Next, any individuals with >10% missing data in this 
11,527 locus set were removed, leaving 72 individuals (of 150 sequenced) which were 
used in all subsequent analyses (museum samples: N=13, Table 4-1; modern samples: 
Laysan N=12, Grass N=15, Southeast N=18, North N=14, Table 4-2). We assessed 




genotyped sites that were heterozygous for each of the 72 individuals for a range of 
minimum coverage values (9-20). Only very minimal differences in percentage of 
heterozygous sites were observed for this range of coverage, which we interpreted to 
mean that the amount of false homozygous calls was very low, and minimum coverage of 




















349,232 29,839 9,708 11,052 




CAS 83315 California Academy of Sciences 23 May 1902 Fisher, WK 366,101 47,565 10,054 10,755 
FMNH 
188929 




971,511 133,562 23,560 11,480 
ROM 62812 Royal Ontario Museum 23Jun1891 Palmer 396,525 28,580 8,951 11,005 
ROM 62814 Royal Ontario Museum 16Jun1891 Palmer 983,059 164,200 25,055 11,135 
ROM 62816 Royal Ontario Museum 19Jun1891 Palmer 448,244 27,177 7,336 10,789 
ROM 62820 Royal Ontario Museum 1Jan1913 Willet 379,740 23,819 7,229 10,974 
UMMZ 
121979 
University of Michigan 
Museum of Zoology 
Feb 6 1913 
Bailey, 
Alfred 
1,553,987 202,252 25,468 11,479 
UMMZ 
121980 
University of Michigan 
Museum of Zoology 
Feb 6 1913 
Bailey, 
Alfred 
253,079 33,015 9,898 10,423 
UMMZ 
121983 
University of Michigan 
Museum of Zoology 
Feb 22 1913 
Bailey, 
Alfred 
989,296 100,820 17,895 11,476 
UMMZ 
121986 
University of Michigan 
Museum of Zoology 
Mar 1 1913 
 
979,103 136,551 23,191 11,421 
UMMZ 
70838 
University of Michigan 
Museum of Zoology 
Jan 2 1913 Willet 1,368,294 184,842 26,583 11,478 
1: Indicates number of reads aligning to capture baits. This value could not be calculated for samples with very large numbers of reads due to program 





Table 4-2. Laysan finch modern samples passing quality filters. 








84444 Erythrocytes Grass 296,380 21,457 6,991 10,665 
84445 Erythrocytes Grass 614,351 40,674 11,439 11,249 
84449 Erythrocytes Grass 1,062,886 149,283 23,817 11,362 
84450 Erythrocytes Grass 351,455 20,589 5,661 10,583 
84452 Erythrocytes Grass 493,886 61,266 14,112 11,229 
98184448 Erythrocytes Grass 637,342 72,071 16,274 11,285 
800135046 Plasma and erythrocytes Grass 336,005 23,076 7,127 11,016 
800135047 Plasma and erythrocytes Grass 391,243 19,950 4,903 10,406 




800135057 Plasma and erythrocytes Grass 1,127,072 173,359 26,442 11,515 
800135059 Plasma and erythrocytes Grass 2,425,000 343,044 30,718 11,338 
804110330 Blood Grass 614,151 28,313 8,610 10,639 
804110334 Blood Grass 635,752 36,633 10,134 11,207 
804110403 Blood Grass 1,036,692 119,589 22,274 11,083 
841626573 Erythrocytes Grass 296,909 20,597 6,312 10,838 
800135227 Plasma and erythrocytes Laysan 4,046,903 347,557 23,749 11,522 
800135228 Plasma and erythrocytes Laysan 1,008,405 98,488 19,182 11,403 
800135233 Plasma and erythrocytes Laysan 2,658,600 241,911 26,219 11,475 
800135240 Plasma and erythrocytes Laysan 1,016,178 92,537 18,358 10,925 
800135802 Blood Laysan 620,558 34,689 9,327 11,249 




806185552 Blood Laysan 545,695 32,869 9,765 10,992 




806185561 Blood Laysan 402,896 29,989 7,518 10,955 
806185568 Blood Laysan 329,814 19,301 5,493 10,396 
806185579 Blood Laysan 612,472 30,630 8,055 10,751 
#7 Blood Laysan 814,290 117,513 19,328 11,336 
83403 Erythrocytes North 370,609 41,838 9,014 10,969 








84350 Erythrocytes North 310,060 24,328 8,046 10,866 
84351 Erythrocytes North 1,121,028 43,262 9,798 10,399 
84406 Erythrocytes North 1,579,366 210,752 25,837 11,468 
84407 Erythrocytes North 277,924 20,716 4,795 10,726 
84408 Plasma and erythrocytes North 335,206 209,722 29,079 10,906 
84408 Erythrocytes North 212,222 23,366 7,376 11,394 
84126525 Erythrocytes North 1,304,308 207,693 27,839 11,003 
98184455 Erythrocytes North 549,613 62,607 15,390 11,313 
800135173 Plasma and erythrocytes North 688,052 75,668 16,159 11,339 
800135675 Blood North 4,586,960 415,629 23,625 11,468 
800135688 Blood North 715,005 95,989 17,823 11,441 
9818449 Erythrocytes Southeast 1,448,922 151,096 23,208 11,493 
97176172 Plasma and erythrocytes Southeast 357,601 25,332 5,453 11,021 




98184494 Erythrocytes Southeast 236,507 30,514 10,722 10,511 
98184500 Erythrocytes Southeast 1,763,190 190,593 25,719 11,508 




99167305 Erythrocytes Southeast 233,770 17,909 6,175 10,568 
99167309 Erythrocytes Southeast 381,805 40,945 10,967 10,936 
99167311 Erythrocytes Southeast 475,175 32,216 5,924 11,165 
99167321 Erythrocytes Southeast 1,525,499 223,511 25,971 11,486 
99167332 Erythrocytes Southeast 449,849 28,503 8,546 11,070 
99167334 Erythrocytes Southeast 455,236 51,173 15,158 11,025 
800135720 Blood Southeast 1,109,455 111,652 18,605 11,404 
804110322 Blood Southeast 884,313 96,123 17,844 11,376 
804110326 Blood Southeast 2,867,636 288,026 28,931 11,518 
804110327 Blood Southeast 1,137,972 220,679 27,075 11,221 
804110342 Blood Southeast 512,917 30,283 9,486 11,076 
804110377 Blood Southeast 1,554,039 85,879 16,312 11,494 
1: Indicates number of reads aligning to capture baits. This value could not be calcuated for samples with very large numbers of reads due 
to program limitations. 2: Number of baits with at least one read aligning. 3: How many of the 11,527 final filtered SNP set were 





Population Genetic Analysis 
Heterozygosity was assessed by obtaining for each individual the total number of 
genotyped SNP loci and the number of those that were heterozygous, then calculating the 
percentage of genotyped sites that were heterozygous. Significant differences in 
heterozygosity between populations were tested using ANOVA.  
We used VCFtools to calculate average allele frequencies for each locus in each 
population and a custom python script to calculate the number of fixed loci and private 
alleles in each population. The G-test of independence was used to compare counts of 
private alleles fixed loci between each source and founder population, using a Bonferroni 
correction for multiple comparisons. Because these values were sensitive to sample size 
(Groombridge et al. 2009), we limited the sample size for these comparisons to 12 
individuals from each population because there were only 12 individuals from modern 
Laysan with < 10% missing data in the 11,527 SNP set.  In this set, considering all 
populations, 10,646 SNPs were biallelic, 860 SNPs had three alleles, and 21 had four. 
Loci that were out of Hardy-Weinberg equilibrium (HWE) for each population 
were identified using an exact test suitable for many loci (Wigginton et al. 2005) in 
PLINK (Purcell et al. 2007) with a P < 0.05 cutoff. Loci that were out of HWE were 
removed for subsequent population genetic analyses so that only neutral loci were used to 
estimate neutral processes. We used several methods to detect population structure or 
differentiation, including principal components analysis using SmartPCA in 
EIGENSOFT 6.0.1 (Patterson et al. 2006, Price et al. 2006), Bayesian clustering with 
fastSTRUCTURE v. 1.0, a modification to the STRUCTURE program designed to run 




principal components (DAPC) analysis in adegenet v. 1.4-2 (Jombart and Ahmed 2011).  
Hierarchical population structure was tested with AMOVA and pairwise population FST 
values were calculated in Arlequin v. 3.5 (Excoffier and Lischer 2010) with significance 
being tested with 10,000 permutations of the data for both. We ran AMOVA with three 
different structure settings: with all populations in the same group, with three groups of 
populations defined as follows: Laysan museum, Laysan modern, and PHR (Southeast, 
Grass, and North), and with three groups of populations defined as follows: Laysan 
museum, Laysan modern and Southeast, and Grass and North. The dataset was converted 
to the appropriate format for each software using PGDSpider (Lischer and Excoffier 
2012) or PLINK. Museum samples that were included in population structure analysis 
were collected on Laysan in 1891, 1902, 1911, and 1913. Rabbits were introduced to 
Laysan in 1902 and were completely eradicated in 1923, so the 1911 and 1913 samples 
were collected during the period of the rabbits. Considering that the Laysan population 
probably regularly fluctuates between ~5,000 and ~10,000 finches (Morin and Conant 
1994) and that the census estimate in 1913 was 4,000 individuals, it was still very close to 
the ‘normal’ range (and suggests that the rabbits had not significantly impacted the 
Laysan habitats by then). Therefore, the 1911 and 1913 samples could reasonably be 
considered pre-20th century-bottleneck. To verify this assumption, we ran the 1891/1902 
and 1911/1913 samples through SmartPCA clustering analysis as two separate 
populations to determine if the two groups were homogenous. We did not detect any 
differentiation, so all museum samples were treated as one group.  
Mutation-scaled effective population sizes (Θ = 4Ne μ) and migration rates (M = 




program MIGRATE-n v. 3.6.11 (Beerli and Felsenstein 2001, Beerli and Palczewski 
2010). We used five replicates of one long chain and four heated chains with an 
increment of 100 and sampling every 5,000 steps. The first 10,000 steps were discarded 
as burn-in. It is recommended to use DNA sequences of 100 bp or longer rather than 
SNPs for MIGRATE, so we filtered our BWA alignments to find regions of this length or 
longer with high quality genotype calls and good coverage amongst our samples. First, 
SAM files were filtered using SAMtools (Li et al. 2009) to select only those with 
mapping quality ≥ 60 and exclude filter flags indicating segment unmapped, next 
segment in the template unmapped, secondary alignment, not passing quality controls, 
PCR or optical duplicate, or supplementary alignment (command: SAMtools view -h -o 
sample_out.sam -q 60 -F 0xF0C -S sample.sam). Next, SAM files were converted to 
BAM using SAMtools and then to BED using BEDtools (Quinlan and Hall 2010), 
excluding split alignments. BEDtools multiinter with the cluster option was used to find 
overlapping sites between the 72 individuals, and these were filtered using awk to only 
include sites  ≥ 100 bp and found in all 72 samples. Genotypes for these regions were 
called using GATK UnifiedGenotyper, filtered to remove indels, converted into tab 
format using VCFtools. A custom python script (Supplementary Material) was used to 
convert the tab format into migrate format. IUPAC codes were used to represent 
heterozygous genotypes. Although we had originally intended to only genotype 
continguous sequences, removal of indels resulted in some gaps. Therefore, any 
genotypes that were within 100 bp were concatenated into a single sequence, resulting in 





A total of 11,527 variant sites which passed quality, coverage, and missing data 
filters were called from our data set. Table 4-3 shows mean heterozygosity in each 
population; there was no significant difference in heterozygosity between any of the 
populations (P > 0.05). Considering all 11,527 loci, neither number of fixed loci (mean 
512.8 ± SD 23.2) nor number of private alleles (mean 218.6 ± SD 5.68) was significantly 
different for any founder-source population comparison at the Bonferroni-corrected level. 
Table 4-3. Sample size and heterozygosity for Laysan finch modern populations and 
museum samples. First heterozygosity column is for 11,527 quality filtered loci; 
second column is for 8,095 HWE loci. Heterozygosity calculated as percent 
genotyped SNPs that were heterozygous. All samples had < 10% missing data. 
Population 
N Heterozygosity (SD), All 
Loci 
Heterozygosity 
(SD), HWE Loci 
Laysan Museum 13 0.547 (0.090) 0.402 (0.101) 
Laysan Modern 12 0.540 (0.089) 0.397 (0.097) 
Southeast 18 0.559 (0.080) 0.414 (0.090) 
Grass 15 0.531 (0.087) 0.386 (0.097) 











3,432 loci were out of HWE for two or more populations, leaving 8,095 putatively 
neutral loci for population genetic analyses. Heterozygosity for these loci is shown in 
Table 4-3; as for the full SNP set, there was no significant difference in heterozygosity 
between any of the populations for neutral loci (P > 0.05). Minor allele frequencies are 
shown in Figure 4-2. No population structure was detected using the neutral locus set. 
Plots of the first three principle components and two discriminant functions for DAPC 
are shown in Figures 4-3 and 4-4, respectively. Tracy-Widom statistics indicated that the 
first 5 principal components were significant and they explained 57.7% of the variation in 
the data (Patterson et al. 2006).  No pairwise population FST values were significantly 
different from zero (Table 4-4). Bayesian inference estimates of Θ (4Neμ) and long term 




Figure 4-3. Plot of individual loadings for the first three principal components from 
smartPCA analysis. 
 




Table 4-4. Pairwise population Fst values. All P > 0.05. 
 Laysan museum Laysan modern Grass Southeast 
Laysan museum 0.0    
Laysan modern -0.015 0.0   
Grass -0.012 -0.011 0.0  
Southeast -0.012 -0.011 -0.010 0.0 
North -0.014 -0.015 -0.012 -0.010 
 
Table 4-5. Bayesian inference estimates of Θ and migration using 173 DNA 




























































Island biogeographic theory predicts that populations on small islands like Laysan 
or PHR are subject to strong effects of drift and are more likely to go extinct due to 
stochastic events or catastrophes (Pimm et al. 1988). The well-documented history of the 
Laysan finch includes several bottleneck events which could be expected to exacerbate 




on Laysan in the early 20th century that brought the census size down to an estimated 100 
individuals, the translocation of 108 finches from Laysan to Southeast island in 1967, and 
dispersal from Southeast to the other islets of PHR. Due to the random sampling nature of 
bottlenecks, each post-bottleneck or founder group should only include a subset of the 
variation present in its founding population; rare variants are unlikely to be sampled and 
have a high probability of  being lost in each bottleneck or founder event. In this study, 
we expected to find decreasing genetic variation when comparing each founder 
population to its source, and discernible structure because of population differentiation 
caused by drift. However, our results show no discernible loss of diversity between 
museum samples collected before the 20th century bottleneck and modern samples and a 
distinct lack of differentiation between any of the Laysan finch populations. Several 
factors are likely to have contributed to the patterns we found, including demographic 
trends in Laysan finches, the properties of SNP loci, and the parameters of the 
bottlenecks investigated in our study. 
Previous research on the modern Laysan finch populations showed that the loss of 
allelic diversity between source and founder populations was not as dramatic as expected, 
but was significant when comparing Grass and North to Laysan (Tarr et al. 1998). The 
authors suggested that loss of diversity in the 20th century Laysan bottleneck could have 
made it possible for most of Laysan’s allelic diversity to be sampled during the founding 
of the PHR populations. They reasoned that rare alleles would have been lost in the 
bottleneck, leaving only common alleles that could then have more easily been sampled 
in the subsequent founder events on PHR. This hypothesis, with some modification, is 




the demographic dynamics of living on a tiny island could have played a major role in 
limiting genetic variation on Laysan historically, shaping how future bottlenecks and 
founder events would impact genetic diversity. Evidence from regular censuses taken 
from 1968 through 1988 suggests that the Laysan finch population on Laysan typically 
experiences “large, erratic fluctuations” in size (range: 5,000 – 20,000 individuals) as 
opposed to maintaining a stable population level (Morin and Conant 1994). Variable or 
fluctuating population size has been proposed as a better model than stable population 
size for bird species on the British isles as well (Pimm and Redfearn 1988). Such patterns 
have implications for patterns of genetic variation. Fluctuating population size results in 
an effective population size (Ne) much lower than the census size, even in otherwise ideal 
populations (Vucetich et al. 1997). Low Ne reduces the time for new mutations to be lost 
to drift (Kimura and Ohta 1969). In the case of Laysan, chronically low Ne could mean 
that most rare alleles that emerge through mutation are continually being lost through the 
effects of drift. Then very few rare alleles would have been present at the time of the 20th 
century bottleneck. Although we did observe some private alleles in each population, this 
effect would explain why there were not a greater number of private alleles in the 
museum samples than the modern samples.    
Ironically, chronically small Ne and loss of rare alleles fostered by the unusual 
demographic pattern on Laysan could have maintained an allele frequency distribution 
with favorable odds for preserving genetic diversity through a bottleneck. Subdivision of 
island populations of the Mauritius kestrel appears to have preserved genetic diversity in 
that species (Nichols et al. 2001). With highly polymorphic loci like microsatellites, 




and this effect can drive population differentiation (Chakraborty and Nei 1977, Hedrick 
2005). However, for SNPs, which in most cases have only two alleles, even if the minor 
allele frequency is just 5%, a bottleneck survivor group of 30 has a 95% chance of 
including both alleles (Hedrick 2005). If allele frequencies are relatively moderate, then 
even with a small number of bottleneck survivors, the probability of sampling both alleles 
is high. Loci with intermediate allele frequencies have the highest probability of 
maintaining variation through a bottleneck or founder event. In our museum sample data, 
75% of loci had minor allele frequencies (MAF) above 11%, and half were above 19% 
(see Figure 4-2). At its lowest census, in 1923 (the year the rabbits were removed by the 
Tanager expedition), the Laysan finch population included roughly 100 individuals. This 
bottleneck size, combined with the allele frequency distribution observed in our museum 
data, provides an explanation for why most of the 20th century genetic variation survived 
in the modern samples. It also supports the hypothesis of Tarr et al. (1998) that most of 
the genetic variation of Laysan could have been sampled in the translocation to PHR. 
Interestingly, comparison of modern and ancient samples of another Hawaiian bird, the 
nene, also showed no loss of genetic diversity despite population decline, likely due to a 
much older bottleneck event having already depleted variation and rarer alleles (Paxinos 
et al. 2002). 
Our results also indicate that most of the variation on Laysan was captured in the 
sample of 108 individuals transported to Southeast Island in 1967. This finding is 
consistent with previous research, which has shown allelic diversity and heterozygosity 
on Southeast to be the same (Tarr et al. 1998) when compared with Laysan. When 




Southeast, previous studies have mentioned that drift likely resulted in wide fluctuations 
in allele frequencies for the multiallelic loci used, creating statistical noise and potentially 
obscuring the signal of the bottleneck on heterozygosity because few loci were sampled 
(Fleischer et al. 1991, Tarr et al. 1998). In this study, we observed no difference in 
heterozygosity between Laysan and Southeast when examining over 5,000 SNP loci. The 
founder size of 108 individuals and the distribution of allele frequencies we observed for 
modern Laysan samples, similar to that of the museum Laysan samples, suggests a high 
probability of most of the variants being sampled in a founder group of 108 finches. The 
rapid population growth on Southeast following the founder event would also have 
minimized loss of variation, as opposed to sustained small population size. 
Grass and North Islands, both founded by small numbers of migrants from 
Southeast (N = 2 for North; N = 8 for Grass, which includes six individuals moved there 
by USFWS), provide the most anomalous results from our data. Both could reasonably be 
expected to have lower genetic diversity and to have differentiated from Southeast and 
Laysan due to the effects of drift because of their small founder numbers and small 
population sizes (Lande 1980, Frankham et al. 2002). However, our results show no loss 
of heterozygosity or differentiation from other populations. Although our estimates of Θ 
for modern Laysan finch populations suggest a larger effective population size for Laysan 
than for the PHR populations, both Grass (to a small degree) and North (by a wider 
margin) have higher estimates than their source population, Southeast.  
The results of previous studies have also been somewhat contrary to expectations, 
finding these populations to harbor more genetic variation than predicted by their small 




heterozygosity amongst PHR islets using allozymes, while Tarr et al. (1998) reported that 
while average microsatellite heterozygosity was lower in Grass and North compared to 
Southeast and Laysan, the difference was not as large as expected. Non-significant 
differences between source and founder populations has also been observed for some 
populations of the New Zealand saddleback (Lambert et al. 2005).  
Bottleneck theory predicts that there is a higher probability that alleles at a locus 
will be lost when there are more alleles at the locus (Allendorf 1986, Hedrick 2005), and 
the microsatellite diversity on North and Grass generally followed this prediction (Tarr et 
al. 1998). Both North and Grass retained both alleles for the two microsatellite loci that 
only had two. For the two loci with the most alleles (5), only 1 – 3 alleles were retained. 
In this study using (mostly) biallelic SNP loci, we did not see a loss of ‘allelic diversity’- 
most polymorphism was maintained, as in the two-allele microsatellite loci. However, 
despite the better probability of retaining polymorphism when there are only two loci and 
allele frequencies are moderate, we would expect extremely small founder size to reduce 
SNP heterozygosity. Taking North Island as an example, with a founder size of two, the 
probability of retaining polymorphism at a biallelic locus ranges from approximately 
30% (for minor allele frequency 0.1) to 90% (for MAF 0.5) (Hedrick 2005).  
Rapid population growth on North Island following the translocation (Tarr et al. 
2000) may have been a factor in the level of genetic diversity remaining, as was 
postulated for New Zealand saddleback founder populations (Lambert et al. 2005). Our 
estimate of Θ does suggest a larger effective population size for North and Grass 




Another factor that could be influencing the results is undocumented migration 
between the PHR islets. Tropical island birds are thought to be sedentary compared to 
mainland birds (Pratt 2009), and observers on Laysan indicate that the Laysan finches 
don’t move much within their island (Morin and Conant 1994). Corroborating these 
observations are the significant FST values of Tarr et al. (1998) and Fleischer et al. (1991), 
which appear to support a lack of migration between PHR islets. However, our FST values 
show very low genetic differentiation between the PHR islets. Laysan finches did 
colonize Grass, North, and Seal-Kittery Islands (with a supplemental translocation of six 
individuals to Grass), so migration within PHR cannot be completely ruled out as a 
mechanism contributing to the maintenance of high heterozygosity and lack of population 
differentiation for Grass and North. 
A final factor which could be contributing to the maintenance of heterozygosity in 
Laysan finches is selective pressure which favors heterozygotes. This could come from 
inbreeding depression if homozygotes are less fit, or there could possibly be a 
heterozygote advantage. However, it is difficult to comment on such possibilities without 
more information about fitness – genotype associations. Our results underscore the 
importance of conducting in situ studies of genetic diversity in island populations. The 
Laysan finch superficially appears to be a straightforward case of successive bottlenecks 
or founder events and corresponding loss of genetic diversity. However, our data for over 
5,000 SNP loci show a surprising consistency of genetic diversity across a history of 
bottlenecks and founder events. A possible explanation is that genetic diversity of the 
Laysan finch has been shaped through time by unique demographic patterns enforced by 




quickly removes rare alleles. This pattern may have resulted in moderate allele frequency 
distributions for loci that remain polymorphic, since alleles with extreme frequencies 
would either rapidly become fixed or disappear due to the effects of drift. Alleles at 
moderate frequencies, especially for biallelic loci, have a better probability of persisting 
through bottlenecks. Comparison of our results with conclusions from previous 
population genetic studies of the Laysan finch highlights the differing properties of 
multiallelic loci and SNPs in a system where chronically low Ne has interacted with 
bottleneck events. SNPs, with only two alleles, are likely to remain polymorphic even 
with small founder events or bottlenecks (Hedrick 2005), as evidenced by the consistent 
levels of heterozygosity and lack of population structure between all populations of the 
Laysan finch in this study. Microsatellites or allozymes are likely to lose allelic diversity 
when Ne is low, an effect that increases with increasing number of alleles (Allendorf 
1986) and can result in large changes in genetic distance in response to bottlenecks 
(Chakraborty and Nei 1977, Hedrick 1999). In Laysan finches, which showed relatively 
low alleles per locus, this effect resulted in a great deal of variation in heterozygosity and 
allele frequency distributions after the founder events (Fleischer et al. 1991, Tarr et al. 
1998).  
 Although our results provide a good outlook for preservation of genetic diversity 
of the Laysan finch through bottlenecks and founder events, it seems that new variation is 
unlikely to survive in these populations. This could have implications for our 
understanding of how adaptation occurs in this species, possibly resulting in a heavy 
reliance on standing variation. Future studies should focus on determining how 




a population responds to changing environments is dependent on understanding its source 
of genetic variation (Barrett and Schluter 2008). Understanding adaptive potential in the 
Laysan finch could be critical in the near future: further translocations may become 
urgently necessary as sea levels rise (Thomas et al. 2004), requiring adaptation to novel 
environments, and possibly also novel diseases, competitors, and predators (Atkinson and 
LaPointe 2009). For these reasons, future study of adaptation in the Laysan finch is 







python vcf-tab-to-migrate.py sampleFile.tab 
This script takes as input a vcf-to-tab file from VCFtools (Danecek et al. 2011) 
for a single population that is in single-letter IUPAC codes and converts it to sequences 
for MIGRATE (Beerli and Palczewski 2010). Run it once with each population’s file, 
and then cat  the files together to create one file with all your data. Any locus within 100 
bp of the previous locus is concatenated to the previous one in order to reduce the 
chances of non-independent loci for migrate. Therefore, the script is most useful if you 
know that your vcf files contain calls for several independent contiguous sequences. 
MIGRATE requires some information about the number of populations, loci, samples, 
and locus lengths. There are several optional lines in this script (described below) that 
you can use to add this information to your output (or generate it, in the case of locus 
lengths). You will need to read the MIGRATE documentation to see what kind of 
information you need to add and modify the script accordingly.  
When running the script with the first population, uncomment and modify the 
headerLine  in order to add information about the number of populations, etc. required 
by MIGRATE to the output. You can also add locus length info to the output as follows: 
supply a tab-delimited file with the lengths of the loci and add this filename to the 
lengthFile  line. Uncomment the lengthFile  line and the two associated lines 




There are three lines at the end of the file beginning with print that you can use 
with trial runs of the script to get information about your data. If you don’t know the 
number of loci, run this script one time through and uncomment the line # print 
"number of loci:", len(locusLengths) . Likewise, # print 
locusLengths  will print the lengths of each locus in the data set and # print 
locusInfo  will print their locations in the genome. See MIGRATE documentation for 
more information about the required format items, including numbers of populations, 







infile = sys.argv[1] 
# lengthFile = ‘filename.tab’ 
 
firstChr = 'no' 
lastChr = 'no' 
firstPos = 0 
lastPos = 0 
newSeq = True 
samples = dict() 
locusCounter = 0 
locusLengths = [] 
locusInfo = [] 
minLength = 36 
 




# Uncomment the next two lines if including a lengt hFile 
# with open(lengthFile, 'rU') as l: 
# print l.read() 
 




    lastRow = sum(1 for row in thisFile) 
 
    # the number of rows is -1 for a header 
    lastRow -= 1 
 
  
with open(infile, 'rU') as f: 
    reader = csv.reader(f, delimiter='\t') 
    headers = reader.next() 
    counter = 1 
 
    for line in reader: 
        fields = len(line) 
 
        ourChr = line[0] 
        ourPos = int(line[1]) 
 
        # is it a new locus or a continuation? 
        if ourChr == lastChr and ourPos <= (lastPos + 100): 
            newSeq = False 
             
        else: 
            newSeq = True 
             
        # if this is a new locus 
        if newSeq is True: 
 
            # only print out results if this isn't the 
first line in the file 
            if newSeq is True and counter > 1: 
 
                # see if it meets minimum length 
requirement 
                if len(samples[3]) >= minLength: 
 
                    # record stats for previous loc us 
                    locusCounter += 1 
                    locusInfo.append(str(lastChr + ':' + 
str(firstPos) + '-' + str(lastPos) + '\t' + str((la stPos - 
firstPos) + 1))) 
                    locusLengths.append(len(samples [3])) 
 
                    for x in range(3, fields): 
                        print (headers[x] + ('x' * (10 - 





            # reset data structures for new loci 
            firstChr = ourChr 
            firstPos = ourPos 
 
            lastChr = ourChr 
            lastPos = ourPos 
 
            # Add data for samples for new locus 
            samples = dict() 
            for x in range(3, fields): 
                if line[x] != '.': 
                    samples[x] = line[x] 
                else: 
                    samples[x] = "N" 
 
        # If it's a continuation of a previous locu s... 
(newSequence = false) 
        else: 
            lastPos = ourPos 
            lastChr = ourChr 
 
            # ...add sample data to dictionary for this 
locus 
            for x in range(3, fields): 
                if line[x] is not ".": 
                    samples[x] += line[x] 
                else: 
                    samples[x] += "N" 
 
         
        # If it's the very last row, print data for  current 
locus 
        if counter == lastRow: 
            # see if it meets minimum length requir ement 
            if len(samples[3]) >= minLength: 
                 
                locusCounter += 1 
                locusInfo.append(str(lastChr + ':' + 
str(firstPos) + '-' + str(lastPos) + '\t' + str((la stPos - 
firstPos) + 1))) 
                locusLengths.append(len(samples[3]) ) 
                for x in range(3, fields): 
                     
                    print (headers[x] + ('x' * (10 - 





        counter += 1 
 
    # print "number of loci:", len(locusLengths) 
    # print locusLengths 






Chapter 5  
Identification of outlier SNP variants in populations of an endangered 
Hawaiian honeycreeper, the Laysan finch 
 
Abstract 
Assessment of genetic variation in endangered species is rapidly expanding to 
include both neutral and adaptive variation. Identification of variants under selection 
contributes to our understanding of evolutionary mechanisms and can help guide 
conservation management decisions. The Laysan finch, Telespiza cantans, is an 
endangered Hawaiian honeycreeper endemic to Laysan Island in the Northwestern 
Hawaiian Islands. Its demographic history includes bottlenecks and founder events, 
including translocation from its native Laysan island to the islets of Pearl and Hermes 
Reef (PHR) approximately 300 km away. We used a DNA sequence capture approach to 
obtain SNP genotypes for Laysan finches from Laysan and three translocated populations 
on PHR and identified 51 SNP loci putatively under directional selection. In contrast to 
results for neutral SNP loci, Laysan finch populations show differentiation at 
directionally selected loci. We identified functional annotations near these loci, including 




Conservation programs aim to preserve as much genetic variation as possible, 




depression, and preserving adaptive potential (Soulé et al. 1986, Ballou and Lacy 1995). 
Therefore, it is important to assess adaptive variation in endangered species where 
possible (Bichet et al. 2015). This is becoming easier to do with greater numbers of 
genetic markers being available even in non-model organisms (Lerner and Fleischer 
2010). Using genome-wide markers such as SNPs enables detection of regions of the 
genome undergoing selection and provides a step towards understanding how genetic 
variation enables adaptation in endangered species. However, how to most effectively 
incorporate genomic data into management strategies is an emerging area of research. 
Genomic markers could be used within current management strategies by accurately 
identifying unknown relationships among population members and providing accurate 
mean kinship values (W. Miller, K. Ralls, and J. Ballou, personal communication), but 
the assessment of population structure due to local adaptation and identification of 
selectively advantageous variants are relatively new strategies for conservation.  
Assessment of adaptive molecular variation can lead to different conclusions 
regarding population structure than when purely neutral markers are used (Ackerman et 
al. 2013). This consideration is critical for conservation practitioners tasked with defining 
conservation units or determining how to sample populations for captive breeding so that 
all local adaptations are preserved. Spatially disparate populations, such as those on 
different islands, may diverge due to the neutral effects of genetic drift (Barton and 
Mallet 1996, Frankham 1997, Clegg et al. 2002b). However, variable selective pressures 
between different populations can also drive differentiation (Grant and Grant 2002, 
Stockwell et al. 2003, Jones et al. 2012). If selective pressures are strong enough, 




(Blondel et al. 2006, Hess et al. 2013), which could result in divergent phenotypes and 
genetic differentiation at selected, but not neutral loci (Charlesworth et al. 1997, de León 
et al. 2010). For example, the superb fairy wren (Malurus cyaneus) population on 
Australia’s Kangaroo island does not show divergence from the mainland population in 
microsatellite markers or mitochondrial DNA, but the two groups are morphologically 
divergent (Dudaniec et al. 2011). Overall, patterns of divergence at neutral versus 
selected loci will depend on the balance between gene flow, genetic drift, and the type of 
selective pressure. 
The Laysan finch (Telespiza cantans), an endangered insular passerine, is an 
attractive candidate for investigation of molecular adaptive variation in situ. This species 
exists as a group of isolated populations on remote islands in the Pacific (Ely and Clapp 
1973a, USFWS 2008) which have been demonstrated to show morphological divergence 
(Conant 1988). However, the results of neutral molecular studies regarding divergence 
are equivocal (Callicrate et al. n.d., Fleischer et al. 1991, Tarr et al. 1998). The 
demographic history of the Laysan finch includes several events which should limit its 
genetic diversity, and consequently, adaptive potential. A severe bottleneck on Laysan 
occurred in the early 20th century when rabbits introduced to Laysan destroyed most of 
the island’s vegetation, bringing the Laysan finch population down to approximately 100 
individuals and contributing to the extinction of other bird species on Laysan (Munter 
1915, Ely and Clapp 1973a). A series of founder events occurred after 108 Laysan 
finches were translocated by the United States Fish and Wildlife Service to Southeast 
Island of Pearl and Hermes Reef (PHR) about 300 km away and subsequently colonized 




different from Laysan, including a different primary food source, the Tribulus cistoides 
seedpod, which is only found in a very small portion of the diet on Laysan. Differential 
beak morphology between Laysan and PHR has been reported, and size of Laysan finch 
bills on PHR parallels the size of Tribulus seedpods (Conant 1988). Bill divergence 
related to foraging has been well-described in another insular bird, the well-known group 
of Darwin’s finches (Grant and Grant 2002, Abzhanov et al. 2006).  
The demographic history of the Laysan finch is reflected in studies of neutral 
molecular diversity, which show low levels of allelic diversity (Fleischer et al. 1991, Tarr 
et al. 1998) and heterozygosity (Fleischer et al. 1991) and few rare alleles (Callicrate et 
al. n.d.). However, adaptive molecular variation has not been assessed in this species. 
Especially in light of the morphological differences between Laysan and PHR, it would 
be valuable to understand how translocation has affected adaptive variation and 
divergence. Studies of adaptive variation in non-model organisms are relatively new and 
have been boosted by the accessibility of genome-scale data (Nosil et al. 2009, Hess et al. 
2013). Besides contributing to our understanding of evolutionary mechanisms, such 
studies are important from a conservation standpoint. In the case of the Laysan finch, for 
example, rising sea levels due to climate change and the spread of invasive plants on 
PHR could necessitate further translocations or captive breeding (McClung 2005, 
USFWS 2008). If captive breeding becomes necessary, knowledge of advantageous 
variants in the wild could help combat the effects of captive selection. The captive 
environment presents a different selective landscape from the wild and this can shift the 




selection, lowering fitness when captive individuals are released (Ford 2002, Woodworth 
et al. 2002). 
In this study, we investigated adaptive variation in Laysan finch populations. We 
identified SNP markers exhibiting signatures of selection and investigated population 
differentiation based on these potentially adaptive loci. In order to begin to understand 
how adaptation is driving divergence in this species, we looked for annotations related to 
loci found to be under directional selection. We identified several loci showing signals of 
selection that were potentially associated with protein coding genes, providing a start into 
understanding how adaptation is occurring in the Laysan finch. Although we did not find 
any selective signal associated with morphological features previously found to be 
divergent between Laysan and PHR populations of the Laysan finch, our results 
emphasize the importance of investigating both neutral and adaptive variation when 
assessing genetic diversity and divergence in endangered species.  
Materials & Methods 
DNA extraction and sequencing library preparation 
Blood samples from Laysan (N=33) and each PHR island (Grass N =33, Southeast 
N =34, North N =33) were collected as part of previous work (Conant 1988, Tarr et al. 
1998; see Appendix A.). Samples were stored at -20°C prior to DNA extraction. 
Genomic DNA was extracted from blood using a BioSprint or DNEasy Extraction kit and 
quality was assessed by agarose gel electrophoresis. Samples were quantified using a 
Qubit and 500 ng of each sample was sonicated using a QSonica for 2 – 6 minutes 




300 – 500 bp. Sonicated samples were end-repaired using DNA Polymerase I, Large 
(Klenow) Fragment or NEBNext End-Repair Kit. A cytosine was added to the end of 
fragments using Klenow Fragment (3’ – 5’ exo) and NEB buffer 2 with dCTP added in 
order to facilitate ligation of Nextera-style stubby adapter in a subsequent step using NEB 
Quick Ligation Kit. After stubby adapter ligation, unique dual 8-bp Nextera-style indices 
were added to each sample through PCR amplification using Kapa HiFi Polymerase. 
Success of library preparation was determined by running each post-PCR library on an 
agarose gel.  
Sequence capture and Illumina sequencing 
We used a custom in-solution array (MYcroarray MYbaits) designed to capture 
~40,000 honeycreeper SNP loci (Callicrate et al. 2014) followed by Illumina sequencing 
to obtain SNP genotypes for this study. The capture baits were designed using other 
Hawaiian honeycreeper species to avoid ascertainment bias caused by developing a SNP 
capture array using the focal population(s) (Albrechtsen et al. 2010, Lachance and 
Tishkoff 2013). Although the capture array was designed to target ~40,000 SNPs, many 
off-target sequences are also captured and resulted in additional genotyped loci (see 
below).  
We pooled individually indexed samples prior to capture in order to use resources 
efficiently (Hawkins et al. 2015). Amplified libraries were quantified using Qubit and 
split into groups of seven or eight individuals per pool. Each pool consisted of 600 ng 
total library DNA (split equally amongst included samples); no adapter indices were 
shared by samples within a pool. MYcroarray Protocol 1.3.7 was followed, except Block 




Following capture, pools were amplified for 10 – 16 cycles with Illumina primers and 
quantified using qPCR (Stratagene) with a Kapa Illumina Quantification Kit. 
Subsequently, all capture pools were pooled together in equimolar ratios and sequenced 
on two lanes of an Illumina HiSeq. Prior to processing the whole group of samples, three 
samples were captured, pooled, and sequenced on an Illumina MiSeq to validate the 
capture procedure. 
Data processing 
Each sample’s reads from both lanes were pooled (for three samples which had 
also been run on the MiSeq, those reads were pooled also) and aligned to the amakihi 
draft genome sequence (Callicrate et al. 2014) using BWA (Li and Durbin 2009). PCR 
duplicates were marked using Picard Tools (http://broadinstitute.github.io/picard), and 
indels were identified and realigned using the Genome Analysis Toolkit (GATK) 
RealignerTargetCreator and IndelRealigner (McKenna et al. 2010, DePristo et al. 2011). 
GATK UnifiedGenotyper was used to call variant sites in all samples simultaneously, 
using parameters --min_base_quality_score 20, --
standared_min_confidence_threshold_for_calling 20, and -- 
standared_min_confidence_threshold_for_emitting 20. The resulting variant file was 
subjected to hard filtering using the FilterVariants GATK tool as recommended by the 
Broad Institute (Van der Auwera et al. 2013) when standardized reference data (such as 
HapMap) are unavailable (filter expression: "QD < 2.0 || FS > 60.0 || MQ < 40.0 || 
HaplotypeScore > 13.0 || MappingQualityRankSum < -12.5 || ReadPosRankSum < -8.0"; 
see http://gatkforums.broadinstitute.org/discussion/2806/howto-apply-hard-filters-to-a-




CoveredByNSamples sites tool with parameters --minCoverage 9 (excludes a locus for a 
given sample if that sample’s coverage is below 9) and --percentageOfSamples 0.3 
(excludes loci from the set if they are found in fewer than 30% of all samples).  
Finally, sites meeting the following set of conditions were selected using the 
GATK SelectVariants tool: SNP only (e.g., excludes indels), exclude non-variant sites, 
passed the hard filter, and passed the coverage filter. We further filtered the dataset to 
remove SNP sites and individuals with high missingness. First, VCFtools (Danecek et al. 
2011) was used to remove sites with >50% missing data, resulting in 11,527 loci 
remaining. Next, any individuals with >10% missing data in this 11,527 locus set were 
removed, leaving 59 individuals which were used in all subsequent analyses (Laysan 
N=12, Grass N=15, Southeast N=18, North N=14). We assessed dropout related to 
sequencing coverage by calculating the percentage of quality-filtered genotyped sites that 
were heterozygous for each of the individuals for a range of minimum coverage values 
(9-20). Only very minimal differences in percentage of heterozygous sites were observed 
for this range of coverage, which we interpreted to mean that the amount of false 
homozygous calls was very low, and minimum coverage of 9 was an acceptable value to 
include a genotype in the dataset. 
Detection of selected outliers 
We used BayeScan v. 2.1 and LOSITAN to detect SNP loci under selection. 
BayeScan uses a Bayesian posterior odds approach to determine, for each locus, if a 
model including selection is more probable than a neutral model, given the allele 
frequencies observed in the data (Foll and Gaggiotti 2008). BayeScan was run with 




the fdist method to identify loci with excessively high or low FST compared to neutral 
expectation (Beaumont and Nichols 1996, Beaumont and Balding 2004, Antao et al. 
2008). FST -based tests work well in situations where there is gene flow because the 
background isn’t a problem- there shouldn’t be high FST for neutral loci as there would be 
because of drift if gene flow was not occurring, so only loci with differential selective 
pressure should have high FST. LOSITAN was run with 100,000 replicates and false 
discovery rate (FDR) of 0.01, with a first run to estimate the neutral mean FST and then a 
second one to detect outlier loci (Figure 5-1). Per-locus FST (Weir and Cockerham 1984) 
was calculated using VCFtools. 
 
Figure 5-1.  LOSITAN outlier detection. Loci in red region are under directional 
selection; loci in yellow region are under balancing selection. 
 
 
We employed several strategies to help identify the nature of adaptive variation in 
Laysan finches. First, we blasted (Altschul et al. 1990, Morgulis et al. 2008) 200 bp 
Fst/He
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sequences surrounding directionally selected SNPs identified by Bayescan or LOSITAN 
against the NCBI nucleotide database in order to determine their relationship to genes or 
other annotations of interest. Because genes can be quite far apart from associated 
regulatory elements (Kleinjan and van Heyningen 2005), it is likely that we do not have a 
SNP within or very close to all genes that are important for adaptive variation in Laysan 
finches, but SNPs may still reflect the signal of selection acting on elements nearby if 
they are in linkage disequilibrium. Therefore, in addition to blasting the sequence 
immediately surrounding outlier SNPs, we also searched for annotations in the UCSC 
genome browser for zebra finch, Taeniopygia guttata, (Warren et al. 2010)  in 15 kb 
regions centered on each focal SNP. Because stochastic demographic processes can 
create noise in the signal of individual SNPs, we also identified extreme FST values for 15 
kb non-overlapping bins across the genome (Lamichhaney et al. 2015) and searched for 
annotations in these regions. Although differentiation of such regions does not by itself 
indicate adaptive significance, the combined localization of outlier SNP loci and highly 
differentiated genomic regions can help narrow the search for adaptive variation. FST for 
bins was calculated using VCFtools (Danecek et al. 2011) and these values were 
standardized using the formula 

	
 to obtain ZFST values. Regions with a ZFST of 5 
or greater (Rubin et al. 2010, Axelsson et al. 2013) were examined in the UCSC genome 
browser for zebra finch, Taeniopygia guttata, (Warren et al. 2010) to identify any 
annotations of interest. For SNPs which were identified as outliers by LOSITAN but 
which were not located within a ZFST > 5 bin, we also checked the UCSC zebra finch 




Our locus locations in this study are based on the draft amakihi genome (Callicrate et 
al. 2014). In the draft assembly, in which scaffolds were aligned to zebra finch 
chromosome sequences, contigs that could not be localized to zebra finch chromosomes 
were concatenated (separated by strings of Ns) to form ‘chromosome’ Un2 (named after 
chromosome Un of the zebra finch assembly). Since contigs within a given 15 kb stretch 
of Un2 sequence may not be related to each other, we did not calculate FST for bins 
across Un2 or search 15 kb regions surrounding outlier SNPs located in Un2. 
The honeycreeper reference genome was assembled based on alignment to zebra 
finch but the coordinate system is slightly different. Therefore, before using the zebra 
finch genome browser, we converted the coordinates of each region of interest from 
amakihi to zebra finch using a custom perl script, MMLO.pl (written by James Thomas; 
see Appendix 1).  Finally, because previous research has shown morphological 
differentiation in beaks between Laysan and PHR populations of the Laysan finch 
(Conant 1988), we looked for overlaps between our filtered SNP set and locations of 
genes known to influence beak morphology. These include bmp4 (Abzhanov et al. 2004), 
calmodulin (Abzhanov et al. 2006) and ALX1 (Lamichhaney et al. 2015). We identified 
the zebra finch locations for these genes using the UCSC genome browser and converted 
them to amakihi coordinates using MMLO.pl. BEDtools intersectbed (Quinlan and Hall 
2010) was used determine whether any of the SNPs we genotyped were found in the 
range from 1,000 bp before to 1,000 bp after these genes. 
Population differentiation due to selection 
Using the directionally selected SNPs, we assessed population structure due to 




adegenet v. 1.4-2 package for R (Jombart and Ahmed 2011) and using principle 
components analysis (PCA) using SmartPCA in EIGENSOFT 6.0.1 (Patterson et al. 
2006, Price et al. 2006). We also used the directionally selected SNPs to cluster 
individuals, disregarding population of origin, using adegenet. 
Results 
Detection of outlier loci and divergent genome regions 
A plot of FST for each of the 11,527 SNP loci is shown in Figure 5-2, with loci in 
the 99th and 99.9th percentiles shown in dark blue and red, respectively. BayeScan found 
no loci with a false discovery rate below approximately 89%, so no loci were determined 
to be under selection using BayeScan. A possible explanation is that BayeScan is less 
able to detect weak effects of selection in SNPs than microsatellites and tends to work 
better with multiallelic markers (Foll and Gaggiotti 2008). In LOSITAN, loci with P ≤ 
0.01 or P ≥ 0.99 were identified as under balancing (821 loci) or directional (51 loci) 
selection, respectively, while the remainder (10,653 loci) were considered to be neutral 
(Figure 5-1). SNPs identified as outliers by LOSITAN are shown as triangles in Figure 5-
2.  
Two 15 kb regions had ZFST scores above five, on chromosomes 4:10,035,001-
10,050,000 and 7:8,670,001-8,685,000 (Figure 5-3). Two SNPs were located in the bin 
on chromosome 4 (10,037,743 and 10,037,818), and two were located in the bin on 
chromosome 7 (8,683,890 and 8,683,955). The SNPs at 4: 10,037,743 and 7: 8,683,955 




Figure 5-2. Fst values for 11,527 SNPs across the Laysan finch genome. Values in 
the 99th percentile are shown in dark blue; values in the 99.9th percentile are shown 








Population structure with outlier loci 
Both DAPC and PCA showed that Laysan finch populations exhibit discernible 
structure when considering the 51 directionally selected loci (Figures 5-4 and 5-5). Using 
the twstats program in SmartPCA identified the first three principal components as 
significant. Together, they explained 45.8% of the variation in the data. Clustering and 
group assignment analysis showed that individuals from North and Southeast (and to a 
lesser extent, Grass) were more similar to each other than they were to Laysan (Figure 5-
6). 













Figure 5-6. Individual loadings for the first three principal components from PCA 





Results of blasting a 200 bp sequence centered on each of the 51 outlier loci are 
shown in Table 5-1. Some queries returned the same result or results and are listed in the 
same row of the table. Many sequences did not return any hits. It is interesting to note 
that several outlier loci on Un2 returned hits Although Un2 is composed of concatenated 




which blast to predicted functional sequences suggests that these contigs are still valuable 
resources. No SNPs that we genotyped were located in or within 1,000 bp of any genes 
that had been identified in other studies of beak morphology. 
Searching for annotations in a 15 kb region centered on outlier SNPs returned several 
results. The regions around 1: 113,126,126 and 24: 1,502,006 contained predicted 
proteins. The region around 11:16,785,598 contained predicted proteins as well as Gallus 
gallus HYDIN (hydrocephalus inducing homolog), which is involved in cilia motility and 
zebra finch expressed sequence tags (ESTs) from brain tissue. The region around 3: 
8,367,300 contained predicted genes; a small portion of the edge of this region 
overlapped human CAPN8 (calpain 8) (Hata et al. 2001), which is involved in calcium 
binding. Finally, although there were two directionally selected SNPs on chromosome 
Un, only the region around one of them (Un: 124,122,245) contained annotations: 






Table 5-1. Blast hits for outlier loci detected by Lositan. 




Fringilla coelebs clone 
pGS-1 satellite sequence 
 
4:10,037,643-10,037,843 Agelaius phoeniceus cosmid 
Rwcos3, partial sequence 
Songbird Genomics: 
Analysis of 45 kb 
Upstream of a Polymorphic 
MHC Class II Gene in 
Red-Winged Blackbirds 
(Agelaius phoeniceus) 
(Gasper et al. 2001) 
 
7:8,683,855-8,684,055 Taeniopygia guttata 
chromosome UNK clone 
TGMCBa-50H12, complete 
sequence; 
Fringilla coelebs clone 
pGS-1 satellite sequence; 
PREDICTED: Corvus 
brachyrhynchos 
transmembrane protein 18 
(TMEM18), mRNA 
 
Un2:1589364-1589564 Taeniopygia guttata 













These sequences had many 
blast hits from bird species 
similar to the one shown at 
left, all for olfactory 
receptors 
 
Neither of the high ZFST regions on chromosome 7 contained any annotations or 
predicted annotations. The region on chromosome 4 contained a predicted ortholog for 
E74-Like Factor 2 (ELF2) which was first identified in humans (Oettgen et al. 1996) and 




sequence-specific DNA binding and transcription regulation, and it is involved in 
pathways for immune response signaling.  
Discussion 
In this study, we identified 51 outlier loci which are candidate targets of 
directional selection. Our study of adaptive variation was motivated by the finding that 
Laysan finches on different islands show morphological differentiation and the 
knowledge that translocation to PHR involved an environmental change, likely 
incorporating different selective pressures than on Laysan. We wanted to find out how 
adaptation might be shaping molecular diversity and divergence in these populations. 
Although previous work had shown no Laysan finch population differentiation at 
thousands of neutral SNPs (previous chapter), when the 51 outliers identified in our study 
were used, differentiation became apparent. These directionally selected SNPs could 
represent a response to different selective pressures due to the variation between Laysan 
and the islets of Pearl and Hermes Reef (Conant 1988, McClung 2005). For an 
endangered species like the Laysan finch, this information could be critical for 
conservation decisions. Prior knowledge of locally adaptive variants increases the chance 
of sampling all important variation in case of translocation or collection for captive 
breeding. In the event that captive breeding becomes necessary for the Laysan finch, 
which is a consideration as sea levels rise, knowledge of which variants or haplotypes are 
advantageous in the wild habitat could also help managers combat the effects of captive 




captive-bred individuals are eventually released into the wild (Araki et al. 2007, 
Montgomery et al. 2010, Lacy et al. 2013).   
We were able to use resources from well-studied model organisms to help identify 
the nature of features which may be adaptively important in Laysan finches. It is 
important to note that these results must be interpreted cautiously. Many functional 
features are conserved between species and birds have been shown to have a high degree 
of synteny and homology (Stapley et al. 2008), but until actual functional genetics studies 
are carried out, we cannot be certain as to the nature of specific regions of the Laysan 
finch genome. The closest model organism with available annotations is the zebra finch, 
approximately 33.5 million years diverged from the Hawaiian honeycreepers (Jetz et al. 
2012). We have used zebra finch annotations (and inferred annotations applied from 
other species to zebra finch) to describe what types of features may be under selective 
pressure in Laysan finches. Two regions, on chromosomes 4 and 7, were identified in 
both the individual outlier locus analysis and bin-wise differentiation. On chromosome 
four, our results indicate that there may be some selective pressure related to the immune 
system. An outlier locus on chromosome four blasted to a sequence identified in a study 
of the region upstream of MHC in red-winged blackbirds (Gasper et al. 2001). This 
outlier was within a region of elevated ZFST which also contained a transcription factor 
known to act in immune pathways. It is logical that immune system features would be 
targets of selective pressure; MHC in particular is well-studied and is known to have a 
high level of diversity due to selective pressures (Hess and Edwards 2002). In the case of 
the Laysan finch, it is reasonable to suggest that the differing environments on PHR and 




in divergence related to immune genes (Cohen 2002, Ekblom et al. 2007, Bichet et al. 
2015). Selective pressure exerted by pathogens has been suggested as major factor in 
local adaptation in humans (Fumagalli et al. 2011), and pathogens could also be playing a 
role in local adaptation of Laysan finches. Molecular diversity in this region on 
chromosome four may therefore be a good candidate for future studies. Again, we 
caution that the results should be interpreted conservatively and further study is required 
to draw firm conclusions about functional significance of specific regions. 
Other annotations identified in this study are more difficult to put in context. 
Many of them appear to be general, including cilia mobility, calcium binding, and 
olfactory receptors. Interestingly, several of the outlier loci found in contigs with 
unknown genomic location (i.e., on sequence Un2) had blast hits to olfactory receptors, 
as did one outlier located on chromosome Un. Olfactory receptors are the largest 
multigene family in humans (Niimura and Nei 2003); their ubiquity may have made them 
difficult to place in zebra finch and also in the honeycreeper draft genome, explaining 
why outlier loci associated with these genes cannot be properly placed in chromosomes. 
There were also several high ZFST regions and outlier SNPs associated with non-specific 
predicted protein or gene annotations. Although we cannot speculate as to how any of 
these annotations might provide functional adaptive significance in Laysan finches, it is 
reassuring that genomic locations identified in our analysis are likely to have a function. 
The paucity of information about genes or regulatory elements in proximity to these 
regions of interest highlights the need for further study into the mechanisms of 
adaptation. The genomics revolution has made it relatively easy to identify large numbers 




outpaced the critical work into functional genetics that will provide an explanation for 
how adaptation is occurring. In the meantime, conservation practitioners can use the 
information available from studies like ours to start to identify regions of importance for 








Bottlenecks and founder events are important demographic events that can 
influence the genetic variation and adaptive potential of populations. These events are 
especially important for endangered species, where preserving genetic diversity and 
adaptive variation are priorities. We used both a laboratory insect model and molecular 
genetic study of in situ bottlenecked populations to investigate how bottlenecks interact 
with island demographic dynamics and translocation to a novel environment to affect 
genetic variation.  
Our experimental study of serial bottlenecks in a novel environment using the red 
flour beetle showed that phenotypic and additive variance in a quantitative trait could be 
increased when bottlenecks occur in a novel environment. Additive variation is necessary 
for selection to be effective, so an increase in additive variation may result in increased 
adaptive potential. However, any adaptive advantage would depend on the shape of the 
fitness landscape in the new environment- essentially, whether any advantageous loci 
were contained within the increased range of variation- and the genetic architecture of the 
trait in question. These are factors that would need to be determined on a case-by-case 
basis, but our results do indicate that the environment in which a bottleneck occurs is 
certainly an important consideration in determining the outcome for adaptive potential 
and quantitative genetic variation.  
In our study of the serially bottleneck Laysan finch, we found that island 
demographic dynamics can also influence the outcome of bottlenecks on genetic 




than museum samples, in contrast to our predictions. It is possible that the naturally 
occurring population fluctuations on Laysan have created a situation where there is a very 
high level of drift, effectively keeping the number of rare alleles low. This effect, in 
combination with the relatively large size of bottleneck survivors on Laysan and the rapid 
population growth following the bottleneck there, enabled the preservation of existing 
variation through the Laysan bottleneck. Likewise, the relatively large number of 
individuals that founded the PHR population on Southeast was able to include enough of 
the variation from Laysan to make the populations genetically indistinguishable.  
An implication of our results is that new variants are unlikely to be maintained in 
Laysan finch populations, and any adaptation that occurs would likely come from 
standing variation. As for many endangered species, especially those found on islands, 
there is a high level of risk for Laysan finches due to climate change, rising sea levels, 
and the introduction of invasive competitors, predators, and disease. The founder events 
on PHR were accompanied by a change in environmental factors, and although we could 
not estimate changes in phenotypic and additive variation as we did in our experimental 
study, we attempted to quantify changes in adaptive variation by detecting signatures of 
selection in the genome using SNP markers.  
Although Laysan finch populations showed remarkable genetic homogeneity 
when considering genome-wide SNP markers, we did find 51 outlier loci showing greater 
than expected differentiation. Two of these loci were also identified when using a bin-
wise approach to reduce stochastic noise in the data. Quantifying adaptive variation in 
natural populations is an emerging area of research, and identification of loci or regions 




(or how) adaptation has occurred in the PHR populations. However, results such as ours 
could be very useful for conservation managers trying to identify locally advantageous 





Appendix A. Sample information 
 
Table A-1. Modern Laysan finch samples. 







26574 Plasma Grass DNA too degraded 
    
84443 Plasma Grass DNA too degraded 
    
84444 Erythrocytes Grass Good coverage 296,380 21,457 6,991 
10,66
5 
84445 Plasma Grass DNA too degraded 
    
84445 Erythrocytes Grass Good coverage 614,351 40,674 11,439 
11,24
9 
84449 Erythrocytes Grass Good coverage 1,062,886 149,283 23,817 
11,36
2 
84450 Erythrocytes Grass Good coverage 351,455 20,589 5,661 
10,58
3 
84452 Erythrocytes Grass Good coverage 493,886 61,266 14,112 
11,22
9 
84126573 Plasma Grass Low coverage 210,928 14,803 4,807 
 
98184448 Erythrocytes Grass Good coverage 637,342 72,071 16,274 
11,28
5 
98184453 Blood Grass 
Library 





Grass Good coverage 336,005 23,076 7,127 
11,01
6 










































































































































































































Blood Laysan DNA too degraded 
    
80618555
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Blood Laysan DNA too degraded 
    
80618556
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unsuccessful     
80618557
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Blood Laysan Low coverage 51,306 4,644 1,301 
 
#2 Blood Laysan Low coverage 189,100 12,950 4,144 
 
#7 Blood Laysan Good coverage 814,290 117,513 19,328 
11,33
6 
83403 Erythrocytes North Good coverage 370,609 41,838 9,014 
10,96
9 
84345 Erythrocytes North DNA too degraded 
    





84347 Erythrocytes North Low coverage 18,810 341 101 
 





84350 Erythrocytes North Good coverage 310,060 24,328 8,046 
10,86
6 
84351 Erythrocytes North Good coverage 1,121,028 43,262 9,798 
10,39
9 
84404 Erythrocytes North Low coverage 131,500 1,910 335 
 
84405 Erythrocytes North Low coverage 539,649 60,568 1,119 
 
84406 Erythrocytes North Good coverage 1,579,366 210,752 25,837 
11,46
8 
84407 Erythrocytes North Good coverage 277,924 20,716 4,795 
10,72
6 











North Low coverage 94,449 12,451 4,547 
 
84410 Erythrocytes North Low coverage 484,586 8,896 2,115 
 










North Low coverage 114,231 13,284 5,736 
 
84126525 Erythrocytes North Good coverage 1,304,308 207,693 27,839 
11,00
3 
98184455 Erythrocytes North Good coverage 549,613 62,607 15,390 
11,31
3 
98184456 Erythrocytes North Low coverage 454,100 64,077 1,900 
 



































Blood North Good coverage 715,005 95,989 17,823 
11,44
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DNA too degraded 






Good coverage 1,554,039 85,879 16,312 
11,49
4 
1: Status of sample. 'DNA too degraded' - library prep was not attempted; 'Library unsuccessful' - too low quantity or quality for sequencing; 'Low 
coverage' - sequenced but not enough data to include sample in final data set; 'Good coverage' - sample included in final data set. 2: Indicates 
number of reads aligning to capture baits. This value could not be calcuated for samples with very large numbers of reads due to program 
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1: Status of sample. 'DNA too degraded' - library prep was not attempted; 'Library unsuccessful' - too low quantity or quality for 
sequencing; 'Low coverage' - sequenced but not enough data to include sample in final data set; 'Good coverage' - sample included in 
final data set. 2: Indicates number of reads aligning to capture baits. This value could not be calcuated for samples with very large 
numbers of reads due to program limitations. 3: Number of baits with at least one read aligning. 4: How many of the 11,527 final 
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